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Abstract. In the following we present material in tabu-
lar and graphical form, with the aim to allow the non-
specidist to obtain a redlistic estimate of the diffuse night
sky brightness over a wide range of wavelengths from the
far UV longward of Ly« to the far-infrared. At the same
time the data are to provide a reference for cases in which
background brightness has to be discussed, including the
planning for space observations and the issue of protection
of observatory sites. We try to give a critical presentation
of the status at the beginning of 1997.

Key words. night sky brightness; airglow; zodiacal light;
integrated starlight; diffuse galactic light; extragalactic
background light,; photometry
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Table 1. Conversion factors for nltraviolet brightness units

Wavelengtl 1ph ton/em?® ssr .4 corresponds to Conversion factor
(11111 I [W/m? sr pm] | Iy [ergiml? s scd | 1L (Jy/stf R/A L + [,
30 6.62 -1071° 6.62 107! 0.199 12610-5 333110-"’
60 3.31-107'0 331 107!t 0.398 1.2610-'5 8.32%$,10*°
100 1.99 107! 1.9910-" 0.663 1.26-107° 299810- ‘o
121.6° 1.63-1071'° 1.63-107 1! 0.856 1.2610° 202710- ‘o
150 1.32 10710 1.32-10° ! 0.994 1.2610° 1.33210 10
200 9.9310-" 9.9310-'2 1.325 1.2610-5 7.49510™ [
250 7.95 107! 7.95 107" 1.657 1.2610° 4.79710-" "
300 6.62 .10 6.6210-12 1.988 1.2610° 3.331-.107
350 5.68 10! 5.68 .1p-12 2.319 1.26.107° 2.447-107H
400 4.97 .10-" 497 10712 2.650 1.26.10°° 1.874-107 1
500 3.9710-11 3.9710-12 2.120 1.2610° 1.19910-""*
656.3° 3.03 107! 3.03.107 2 4.349 1.26-107° 6.960-1012
1 pm 1.9910-1’ 1.9910-'2 6.628 1.2610° 2.998-107'*
© 2 pm 99310712 9.9310-13 13.25 1.2610° 7.495 .10-""
4 pm 4.9710-12 4.9710-'3 26.50 1.2610° 1.8741013
¢ Lya " Ha
Table 2. Conversion factors for visua brightness units
Wavelength 1 MJy/srcorrespc ds to F.[Jy]® 1 Si0 unit® corr  ponds tO 1S10guni correspon  to
(um) Iy [W/m? st um] | R/A | for Omag | Ix (W/m? st pm] | I, [Jy/st] | In (W/m? st um] | Syo units | I, [Jy/sr)
0.36 (U) 2.31.10° 5.27 1810 1.37-1078 590 6.70.10° 0.488 290
0.44 (B) 1.55.10-5 431 4260 2.1710° 1400 1.19-1078 0.550 770
0.502 £12nm 1.19.10-5 3.78 3960 1.55-10~8 1300 1.28.10° 0.825 1070
0530 + 35 nm 107-10-5 3.58 3790 1.3310-° 1240 1.24-1078 0.935 1160
0.55 (v) 9.91.10-6 3.45 3640 1.1810-s 1200 1.18.10° 1.0 1200
0.64 (R¢) 7.3210° 2.96 3080 7.40.10-9 1010 1.05-1078 1.42 1440
0.70 (R, ) 6.12.10° 271 2840 5.7010-9 930 9.21.10° 1.61 1510
0.79 (It) 4.80.10° 2.34 2550 4.02-107° 840 7.80.10° 1.94 1620
0.90 (14) 3.70.10 -'3 211 2250 2.7310° 740 5.76.10°° 211 1560
1.25 (J) 1.92.10-6 1.52 1570 9.89 107" 515 2.93.10-9 2.97 1530
1.65 (H) 1.10-107° 1.15 1020 3.69 107° 335 1.41.10-9 3.84 1290
2.2 (K) 6191077 0.86'2 636 1.29-1071° 210 5.2410-"° 4.06 850

“References: for U. B, V. Rg.I¢ Bessell (1979); for Ry, 1s Allen (1985); for 3, H, K Bessell and Brett

(1988); for 502 nm

and 530 nmHayes (1985). The references give F. or F5 for a star of magnitude zero, with uncertainties of about 2% - 5%
They are transformed to S;p units by: 1tzeroth magnitude star/sr=3.046S,0 units.

bBy definition 1 S;0 unit corresponds to 27.78 mag/0", while 22mag/Q"" = 205 Siq.
“The definition of this unit dependson the solar UBVRIJHK values, which are uncertain by several %beyond 1.0 um.
and below 400 nm. References: for U, B, V, R;,I; Allen (1985); for Rc.IcBessell and Brett (1988), Taylor (1992);

for J, H, K Alonso et al. 1995; for 502 nm and 530 rrrn Necke! and Labs (1984).

ingly mom important, the light pollution due to the ever-
growing man-made lighting.

For space observations atmospheric extinction and
scattering are irrelevant, but other complexities like in-
strumental stray light of lunar, terrestrial or solar radi-
ation may arise. For low orbits, spacecraft-induced glow
phenomena may be present.

Quite understandably then, extracting accurate
brightness values from Equ. (1) is a difficult task, and the
past has seen a measure of disagreement between individ-
ual determinations, In the following we want to summarise
what consensus has been obtained in this field duringthe
last years, in order to provide a basis for easier reference
and comparability.

The aim of this article is to provide the reader with
comparatively easy access to agreed-upon or at least rec-
ommended values of night sky brightness. Inevitably this
requires smoothing and interpolating of data. Therefore
we want to give at the same time sufficient information on
original publications to give an impression on the grade of
agreement or disagreement of the available data and to
allow the reader who wants to do so to draw his own con-
clusions.

We will go through the components basically in the
order in which they appear in Equ. (1), and for each com-
ponent try to provide information on the visual, infrared
and ultraviolet wavelength ranges.
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Fig. 1. Overview on the brightness of the sky outside the lower terrestrial atmosphere and at high ecliptic and galactic latitudes.
The zodiacal emission and scattering as well as the integrated light of stars are given for the South Ecliptic Pole (I = 276°,
b =-300). The bright magnitude cut-off for the stellar component is V = 6.0 mag for 0.3 — 1 pm. In the infrared, stars brighter
than 15 Jy between 1.25 and 4.85 pm and brighter than 85 Jy a 12 um are excluded, corresponding to the COBE/DIRBE
beam. No cut-off was applied to the UV data, A < 0.3 um. The interstellar cirrus component is normalized for a column density
of 10”H-atoms cm™? corresponding to a visual extinction of 0.053 msg. This is close to the values at the darkest patches
in the sky. Source for the long-wavelength data, A> 1.25 um, are COBE DIRBE and FIRAS measurements as presented by
Désert et a. (1996). The IR cirrus spectrum is according to the model of Désert et al. (1990) fitted to IRAS photometry. The
short-wavelength data, A< 1.0 pm, are from the following sources: zodiacal light: Leinert and Grin (1990); integrated starlight:
A< 0.3 pm, Gondhalekar (1990), A>0.3um,Mattila (1980); cirrus: A = 0.15 um, Haikala et al. (1995), A = 0.35-0.75 pm,
Mattila and Schnur (1990), Mattila (1979). The geocoronal Lyman «(121.6 nm) and the 01(130.4, 135.6 nm) line intensities
were as measured with the Faint Object Camera of the Hubble Space Telescope at a height of 610 km (Caulet et al. 1994). The
various references for the airglow emission can be found in section 6. \

1. Overview over al of our wavelength range.
—eztragalactic background light (Igg.) in addition to the

This paper is concerned with the night sky brightness from radiation of individually detected galaxies.
the far UV (= 100 nm) to the far infrared (=~ 200 #m). The combined light of these radiations is attenuated

Quite a few sources contribute to the diffuse brightness by atmospheric extinction, while tropospheric scattering
of the moonless Sky (Inight sky) in this wavelength range: ~ Of theinfalling flux adds a non-negligible brightness com-
~airglow from the upper atmosphere (1,,) ponent (Isca)-
—zodiacal light, both as scattered sunlight and thermal Formally, the abovestatements may be expressed as
emission of interplanetary dust particles, from interplane-
tary space (Iz,). (In the far UV interplanetary Lya emiss  Znightsky = (Ta+Ize+ list+ Ince +1ese) - €77 + Lsea (1)
sion is important. )
- integrated starlight (I;s;) of the stars not individually It should be noted that the “extinction coefficient”
accounted for (which depends on wavelength A, zenith distance z, height
~diffuse galactic light(Inc ), inthe UV and visua mainly of the observer and change of the atmospheric conditions
reflections off interstellar dust particles. Their infrared with time) for diffuse sources has a value different from
thermal emission is known as “cirrus’ since the pioneer- that determined for stars. The scattered light ;. not
ing IRAS observations. It dominates the sky brightness in only contains additional contributions due to stars and
the far-infrared. Interstellar gas contributes line emissions galaxiesotherwise accounted for individually, but, increas -
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Table 3. Conversion factors for infrared brightness units

Wavelength 1 MJy/srcorr  ponds to F, [Jy] for star
(1,111) I\ [W/m?* st fm)] _ Ix[egs"] of 0 mag
1.25 (J) 1.92 10-° 1.9210-7 1570
1.65 (H) 1.1010-6 1.1010-7 1020
2.2 (K) 6.1910-7 6.19 -10~7 636
35 (L) 245 1077 2.4510-8 281
3.3 (L) 2.0810-7 2.08 -10~¢ 235
48 (M) 1.30 .10-7 1.3010-8 152
8.4 4.25 108 4.25 .10-9 58
10 3.0010-8 3.0010-9 40
10.6 (N) 2.67 .10-8 2.6710-9 36
12 2.0810-8 2.08 .10-9 28
20 7.50 .10-9 7.5010-10 10,4
21 (Q) 6.80 .10-9 6.80.10-10 9.4
25 4.80 .10-9 4.80.10-'0 6.7
60 8.33.10-10 8.33 .10-" 1.19
90 3.7010-10 3.7010-11
100 3.00.10-10 3.00.10-'1
135 1.64.10-10 164107
175 9.7911-10 9.7910-12
200 7.50.10-11 7.50 -10~*2
240 521 .10~ 5.2110-12

unit is [erg/cm?® S sr A
'Bessell and Brett 1988 2Gillett and Stein 1971 °Rieke et a. 1985 ‘Neugebauer et al. 1988
The above references give F, or Fy for a star of magnitude zero, with uncertainties of about 2% - 5%.

These values are transformed to Sio units by: 1 zeroth magnitude star/sr = 3.046 S1o units.

2.

Brightness units

There are a number of different brightness units in use

in

the different fields of night sky brightness with their

individual traditions and advantages. Rather than trying
the Sisiphus work of standardising the use of brightness

uni

to
to

its, we give here conversion tables. These should help
transform whatever was given in an origina reference
the desired physical units and allow intercomparison

between different sources. As a rule, we will in the quan-
titative information on night sky brightness stay with the

un

(1)

its of the origina papers.
The units come in two groups:

physical units:

- photons/cm? s sr A

- Rayleigh/A [R/A]. Originally a measure of the emis-
sion in a column through the atmosphere, it also
may be understood as a sky brightness of 10%/4x
photons/cm? s sr A

“Frin W/m?srpu as well asin W/em? s e and - in
the cgs system - in erg/cm’ssr A, where

1 W/m?sr p=10"*W/cm?sru=0.10 erg/cm?® S sr .

- F, in MJy/st or Jy/sr, where 1 Jy = 1072
W m~2Hz!.
Note that vF, [W/m?sr Hz] = AF,[W/m?sr pm]and

FA[W/m2sr pm] = ¢/A*[Hz/m]-107°.F, [W/m? s He).

Ref

PR OWPRWWRN = e e e

1 Sio unt corresponds to
Iy (W/m? sr jum] _Legs®] | L [Jy/st]
9.89.10-"" 9.89.107 ! 515
3.6910 ° 3.69-10~ ! 335
1.29.10-'" 1.2910-" 209
2,26.10-" 2.2610™" 92.3
1.60.10-" 1.6010 * 77.2
6.50-107 12 6.5010™ 49.9
8.0910" 8.0910™ 19.0
3.9410 -'3 3.9410-" 131
3.1510 -'3 3.1510-* 11.8
2.19.10 -’3 2.19.107 4 10.5
2.5610 * 2.5610™ 341
2.10.10-'4 2.1010-'5 3.09
9.76-1071° 9.76 -10716 2.04

(2) traditional units:

- S, units [tenth magnitude star per degree squared].
This is the brightness equivalent to the flux of a star
of magnitude 10 (tenth magnitude in the wavelength
range under consideration) distributed over one degree
squared. Basicaly it refers to AO stars, which by defini-
tion have the same magnitude in al wavelength bands.
The S;¢ unit was convenient in terms of calibration by
stars and in that by its use most values of the night
sky brightness in the visua fal in the range 100-1000.
- B/ By (units of the mean brightness of the solar disk,
mainly used in observations of the solar corona).
~ 5104 [solar type stars of tenth magnitude per degree
squared]. The unit has also been called S10 or S;o(vis).
This unit is a convenient measure of the zodiacal light
in the visual, where its spectral energy distribution
wouldbe equal to the solar one for neutral scattering.
With Vg =-26.74 and the mean solid angle of the
Sun of 6.80- 10°sr (.Allen 1985), we have, denoting
the solar irradiance at 1 AU as Fg,

1810 = 6.6110-12 Fg /st = 4.50.10-16 B/Bg.

As representation of the solar radiation we use the so-
lar spectral irradiance data of Neckel and Labs (1984).
This understanding of the S10; unit amost exactly
agrees with the definition given by Sparrow and Wein-
berg (1976).
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Because of the ditferent traditions we give the conversion
tables separately for the ultraviolet, the visnal and the in-
frared. Notethatthe conversion factors to physical units
may be slightly different for a narrow-band filter and a
broad-band filter a the same wavelength. A uscfulquanti-
tity to rememiber when working with the conversion tables
is the energy of a 1 yom photon: hr = 1.986.10-19 Ws.

3. Coordinate transformations

Object coordinates are usually given in the equatorial a,é
sytemt.
The zodiacal light is given in terms of ecliptic coordinates
A=A, B with the zero point of A in the Sun. Description
of a line of sight by elongation eand inclination i also is
common. For the relation between these two sets of coor-
dinates see Figure 7 and section 3.5 below.
Integrated starlight is naturaly presented in galactic co-
ordinates 1, b.
For estimates of the diffuse background brightness at a
given position, transformation between these three sys-
tems is necessary. Figures 2-6 provide a simple way to do
so graphically with about one-degree accuracy, which is
sufficient for many applications. The underlying transfor-
mation equations are summarised below for ease of access.
Airglow, extinction and scattering are best described
in the local horizontal system A,z (azimuth, zenith dis-
tance). The transformation to the other systems depends
on time and on the observer's geographic coordinates. For
the horizontal system, only the equations for the transfor-
mation to the equatorial system are given.

3.1. Ecliptic and equatorial coordinates

The obliquity of the ecliptic is essentially constant, €==
23.446° for equinox 1950, respectively € = 23.439° for
equinox 2000. The precession of the vernal equinox along
the ecliptic is p. = 50.3 “/year. Hence

/\20[;o= A19s0 + 0.698°. 2

The north ecliptic pole is at « =18 h, § = 90°- .
The north celestial pole is a A = 90°, 8 = 90°- e.
Both @ and A are counted eastward from the vernal
equinox. Apart from the minimal change in ¢, the trans-
formation equations then are the same for 1950 and 2000:

3.1.1. Transformation a,é— A,

sinf = sindcose — cosdsinesina
cos ecosd/ cos 3 (3)

[sin d sin € + cos d cosesinal/ cos 3

L

cos A

sin A =

[52]

3.1.2. Transformation A, 3 = a,

sind = sin JJcose + cos3sinesin A
cosa = cosACos/fi/ Cosd 4
sinee = [- sin3sine + cos F cosesin A/ cosd

3.2. Galactic and equatorial coordinates

By IAU decision, for equinox 1950 the north galactic pole
(NGP)isata=12h 49.0 m, § = 27.4° and the celestia
pole at 1 =123.0°, b = 27°24.0'. Hence the ascending node
of the galactic equator is at @0 = 18 h 49.0 m = 282.25°,
lo = 33.0°. For equinox 2000, the coordinates of the north
galactic pole are « = 12 h 51.42 m, § = 27° 07.8', and
we have ao = 282.86°, lo = 32.93°. The inclination of the
galactic equator with respect to the ecliptic is 90°- dngPp-
A4s a and A,lis also counted eastwards.

With these parameters, the transformations are as fol-
lows:

3.2.1. Transformation a,d —1I,b

sinb=sind sin 0NGP cos & cos Sngp sin(a ~ ag)
cos(l = lo) = cos(a — ap)cosd/ cos b (5)

sin(l —lo) = [sindcosdngp +
cosdsindne psin(a— ao)]/ cosb

3.2.2. Transformation I,b —«,d

sin bsindygp + cosbceosdngpsin(l o)
cos(l—1g) COS b/ cosd (6)
['sin bcoséngp +

sin § =
cos{a — @) =
sin(a — @) =

cos b sindnapsin(l—10)]/ cos 8

3.3.Galactic and ecliptic coordinates

In ecliptic coordinates, for equinox 1950 the north galactic
pole isat A=179.32°,3 = 29.81°, and the ascending node
of the galactic equator at Ao = 269.32°, ! = 6.38°. For
equinox 2000, the coordinates of the north galactic pole
are A = 190.02°, 3 = 29.81°, and we have Ao = 270.02°, li
= 6.38°. The inclination of the galactic equator with re-
spect to the ecliptic is 90° - Bycp-As dready mentioned,
lis counted eastwards. With these parameters, the trans-
formations are as follows:
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3.3.1. Transformiyion N, 4~ 1, b

sin b = sin 3 sin Inae — coscos Bae e sin(A - Ag)
cos(l - 1) =cos(N - Ag)cos 3/ cos b
sin(l — ly) =[sinBcosPBvapr +

cos Bsin Bvapsin(A—Xo)}/ cosb

Y

3.3.2. Transformation 1,b — A,

sin3 = sin bsinBngp + cos bcos BnG psin(l—11)
cos(A — Ag) = cos(l—1;)cos b/ cosf3 (8)
sin{A — Ag) = [- sinbcosBncp +

cos bsin Bngp sin(l — 1))/ cos 3

3.4. Altazimuth and equatorial coordinates

The transformation depends on local siderea time © and
on geographical latitude ¢. Instead of elevation, zenith dis-
tance z = will be used. The zenith distance of the celestial
pole is 90°- ¢. Both, azimuth A and hour angle t =0 — &
are counted from the meridian through west.

3.4.1. Transformation o,d — A, z

cosz = sindsing -t cosdcos ¢ cos(@ — a)
cos A = [-Sin §cos¢ + cosdsin ¢ cos(O — )]/ sinz (9)
sin A = sin(®© —a)cosd/ sinz

3.4.2. Transformation A, z -5 a, 8

sind = coszsin ¢ — sinzcos ¢ cos 4
cos(® — a) = [coszcos ¢ + SINZSINGCOS 4]/ coss (10)

sin(® — a) = 8in Asinz/cosd

3.5. Alternate ecliptic coordinates

Instead of A-- Ag,B3 also a sun-centered polar coordinate
system is used. Its coordinates are the angular distance
from the sun, called elongation ¢, and a position angle
i, counted from the ecliptic counterclockwise, called incli-
nation. The relation between the two sets of coordinates,
when describing the position of a field-of-view with respect
to the sun, is shown in Figure 7.

It is unfortunate that the obliquity of the ecliptic, used in
equations (3) and (4), and the angular distance from the
sun, used in equations (11) and (12), both are designated
by the. same letter e. However we did not want to change
the commonly used notations. In practice this dual mean-
ing rarely should lead to confusion.

VIEWING
DIRECTION

| A

NORTH
E
p
o i \ ) A ECLIPTIC
SUN ISR
EAST wEST

Fig. 7. Relation between the coordinates used for present-
ing zodiacal light measurements. A is counted positive towards
east, i IS counted positive counterclockwise from the ecliptic
west of the Sun

3.5.1. Transformation A—Xg, 8 —e,i

cose = cos{A — Ag) cos

cosi = cosBsin(A — Ap)/ sine (11)
sini =sin8/ sine
3.5.2. Transformation €,7 = A — A, 8
sinf = sinisine
cos(A — Ag) = cose/ cosf3 (12)

sin(A — Ag) = cosisine/cosf3

The reader is cautioned that in some papers the differen-
tial helioecliptic longitude A — Ag may be called ‘elonga-
tion or may be designated as‘e’, contrary to our definition
of elongation eas the angular distance from the sun to the
field-of-view.



Table 4. Comparison of BandV zenith sky brightnessesat different sites in units of wmag/0”. The minimum /maximum

val ues given are averages of the three smal lest /largest s ky brightness values (nightly averages)
ESOand Calar Alto, the numbers in boldface refer to actual B,V measurements, while the num

iven for each site. In the case of
gers in parentheses have been

transformed from medium band filter measurements. The given solar 10.7 cm flux value (iu units of 10" Jy) is the average of

the three nights in question.

Site Ig(max) Ig(min) [Iy(max) [v(min) | Solar filux| Conmrespending dates ref.
ESO _— 21.69 164 | 78-02-05 1.
(22.20) (20.83) 1658 BB(1-2+206680-06 -08; 88-12-05
22.97 161 | 78-02-08
(22.94) 116 | 78-02-08;87-12-16; 87-12-19;
2274 21.91 162 | 78-02-07
(22.02) 94 BBIAE; 87-12-16; §7-12-19; |
Calar Alto 22.51(22.30) 61 | 95-05-26,27,28 2.
23.05(22.98) 176 8890094)6; WBO662&6; IB- A2
21.16 206 |889099044; WHAE 111; 91-06-16
21.79 61 | 95-05-27,28,29
| San Benito hit. 22.37 21.32 233 | 80-04-11; 81-07-28; 82-06-22 3.
23.08 78 | 76-04-30; 87-04-25; 87-06-29
22.07 76 | 76-04-30; 87-04-28; 87-06-29
| Kitt Peak 22.65 114 | 88-01-21; 88-03-17; 88-06-14 1.
22.98 75 | 86-12-02; 86-12-30; 87-06-22
21.60 114 | 87-11-20; 88-03-17; 88-06-14
22.01 75 | 86-12--02; 86-12-31; 87-06-22
| "Crimea 21.91 21.10 122 | 68-04--28; 71-04-25; 70-08-09 5.
23.05 22.05 136 | 68-03--29; 68-04-06; 68-04-28
Hawaii 22.27 210 | 88-11--13; 89-03-28; 89-09-12 6.
23.03 142 87-08--26; 87-11-13; 89-06-10
21.21 166 85-12-13; 88-11-13; 89-03-28
22.05 ‘ 102 | 86-06-02; 87-08-26; 88-07-18
McDonald 22.54 2154 138 | 60-02-04; 72-12-30; 73-01-12 7.
Observatory 23.01 ‘ 156 ‘ 60-01-27; 72-01-11; 72-01-15
21.92 159 | 60-01-27:72-01-15: 73-01-08

Y -Mattila et al. (1996)

. Leinert et al. (1995), Leinert et. a. (1996, unpublished)
. Walker (1988)

. Pilachowski et al. (1989)

. Lyutyi and Sharov (1982)

. Krisciunas (1990)

. Kalinowski, Roosen, and Brandt (1975)

~N OO W N

4. Total sky brightness

In this section we give the minimum diffuse sky bright-
ness to be expected (vaues for an arbitrary field-of-view
have to beestimaterl as a sum of the components of the
night sky brightness). For the ultraviolet and the infrared,
extraterrestrial values are given. For the visua spectral re-
gion we give the values as seen from ground. Here, the ex-
traterrestrial values would closely correspond to the mini-
mum brightness of the zodiacal light, stars being resolved
by optical space telescopes like the HST. For the near-
infrared, sky brightness as seen from ground is dso in-
cluded.

In the infrared, total brightnesses as observed by the
DIRBE experiment onboard COBE are conveniently avail-
able in the form of weekly averages of the brightness seen

in different viewing directions from the heliocentric po-
sition taken by COBE during the respective week. The
data, covering the 10 photometric DIRBE bands from
1.25 pmto 240 um (see section 8.5), including Stokes
Parameters Q and U for the 1.25 um, 22 gum and 3.5
pm bands, are available on CD-ROM or tape. Under
http://www.gsfc.nasa.gov/astro/cobe/cobe _home.html
on the World Wide Web one finds the information nec-
essary to actualy receive those data

4.1. Ultraviolet
4.1.1. FarUV (91.2 nm - 180 nm)

The sky brightness over most of this band is the sum of
starlight and starlight scattered by interstellar dust. The
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Sun's flux is sufficiently low that zodiacal light is virtualy
non-existent. An intense diffuse emission in this band is
emission from hydrogen Lyman-apha at 121.6 nm. This
flux is produced by scattering of solar radiation by neutral
hydrogen in the Earth’s geocorona, and by scattering from
neutral interstellar hydrogen entering the heliosphere. The
geocoronal flux varies by more than a factor of 10 between
day and night; typical fluxes range from 3 kR (night) to 34
kR (day). This flux varies with distance from the Earth’s
geocorona. An excellent exposition of the variation of this
flux as a function of these variables is given by Raurden
et a. (1986). See also section 6.

4.1.2. Near UV (180 nm -300 nm)

The sky brightness in this range is primarily the sum of zo-
diacal light, starlight, and starlight scattered by interstel-
lar dust. The zodiacal light in this range has not yet been
well characterized, the presently available information is
shown in sections 8.4 and 8.6. The integrated starlight is
discussed in Section10.2. Scattering by dust near earlv
type stars is a major contributor to the diffuse flux in this
range, and is highly variable from place to place in the
Galaxy (see also section 11.3).

4.2. Visual

Table 4, adapted from a recent paper (Leinert et al. 1995),
gives minimum and maximum values of broadband sky
brightness as observed in moonless nights at several ob-
servatories in suitable “dark regions’ of the sky. The main
constituents of this diffuse brightness are airglow, zodia-
ca light and tropospherically scattered light, in this or-
der, but in roughly comparable quantities. The variation
between minirnrrm and maximum is mostly due to solar
activity, which leads to increased airglow emission. The
individual entries in Table 4 are not stricly comparable.
Some of the measurements were performed with small tele-
scopes and excluded stars only down to about 10 mag (San
Benito Mt.}, about 13 mag (Kitt Peak, 90 cm telescope,
diaphragm 50") and about 12 mag (Hawaii, 15 cm tele-
scope, 6.5 L1 ). The residual contributions of individual
stars to their observed zenith brightnesses then can be
estimated (Roach and Megill 1961) to be still 0.0$0.22
mag, 0.03-0.11 mag, and 0.05-0.15 mag, respectively, both
a B and V. In clear nights therefore the sky appears to
be more or less equally dark at all maor observatories.

Figure 8 shows the observed variation of sky brightness
in a starless spot for a typical night. both for inter med Ate-



band and broad-band ghservations. The central wave-
lengt hs of the intermediat e bands have been selected to
coincide with minima of the night sky spectrum. Figure
9 indicates what emission may be expected outside those
bands. Brightness variations usually are well correlated
between different wavelength bands (see Leinert et a. 1995
and Figure 29 in section 6.3). An example for the variation
of sky brightness with solar activity is given in Figure 10.

Sky Brightness ot Colar Alto (Draco) and Palomar
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Fig.9. A low resolution night sky spectrum at Palomar Obser-
vat—ory, taken on November28, 1972 (Turnrose 1974), compared

to medium band measurements on Calar Alto (CA).
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Fig. 10. Correlation between the night sky brightness observed
at Calar Alto at 5325 nm with the solar activity, measured by
the 10.7 cm radio flux density (in units of 10° Jv).

4.9 Near-anfrared from the gro und

The near-infrared sky brig htness seen from ground at a
typical observing site 1s shown in Figure 11. Below 2 um
the night sky emission is dominated by OHairglow emis-
sion (see also section 6). Above 2un thermal emission
by the atmosphere is dominating. Between 2 pm and 4
pm emission from the telescope also adds a considerable
fraction to the total radiation.

The situation is quite different for observations from
Antarctica. The much reduced thermal emission in an en-
vironment with winter temperatures below -60° C leads to
a substantial reduction of sky background particularly in
the K photometric band (Ashley et a. 1996, Nguyen et al.
1996, see Figure 12 and Table 5). Because of the absence
of strong airglow emission between 2.3 gm and 2.5 um (see
Figure 27’, section 6. 1.c}, in this spectral region values of
zenith sky brightness as low as 50 pJy arcsec™ (K = 17.7
mag arcsec”?)have been measured. The dependence on
zenith distance is normal: proportional to sec z down to
Zz=~ 50°. In the L band, between 2.9 um and 4.1 pm, still
an improvement by a factor of 40- 20 was found.

Table 5. Comparison of K band sky brightnesses®

A AA —I. |
Site (pm) (pm) (uly/0") (mag/0”") Ref.
Mauna Kea 222 0.39 4000 =13 1
Mauna Kea 211 0.35 2700 ~13.4 1
Balloon 2.4 0.1 < 26 < 184 2
Balloon 2.38 0.08 13019 16.7 3
South Pole 2.36 0.14 162467 16.5 4
South Pole 240 0.04 50 17.7 5

¢ adapted from Nguyen et al. (1996)

References: ! Wainscoat and Cowie 1992, 2Hofmann et al. 1974,
3Matsumoto et al. 1994, “Nguyven €t al. 1996, 3Ashley €t al.

1996.

4.4. Infrared

Table 6 shows the darkest spots on the sky from 1pum to
240 pm as measured by the infrared photometric experi-
ment DIRBE on the COBE satellite in an 0.7 °s0.7 °wide
field-of-view (adapted from Hauser 1995). These are con-
servative upper limits to the cosmic infrared background
light. For wavelengths of A <60um, where the zodiacal
light (thermal emission) dominates, the darkest fields are
close to the ecliptic poles. For longer wavelengths, the
thermal emission of interstellar dust is dominating, and
the darkest fields are found in regions around the galactic
poles with particularly low HI2lcm emission (Lockman
et a. 1986).



9

=
¥

0, W}'ﬂw‘

= - -4

2F //_,.,.

~ -

oF ;
Tixtjo_r B
T
= 1
o
E
e 1
y
¥
_3 = h
a

g ;

0

| A 1 1
1 2 3 4 5

Wavelength (m)

Fig. 11. Near-infrared spectrum of the night sky brightness, measured just inside the cryostat window of the UKIRT IRCAM
s7'0" tum™ correspond to 4.23 Wra~?sr™'um*. From Beckwith

2

camera {McCaughrean 1988). Note that 10°photons m~
1994.

100000 T T ™ T 7 T T
Of

10000

TN UEITh

LR SN A 011 Saoen oun 4
s+ ¢ annl

*

W S1ding Spring
1000 ﬁmo%&w

Sky flux (Jy/square arcsecond)

3 ol *3

3

F W * 1

o Pl

[ -

o d 4

100 | ,,i"'

3 3

i South Pole :

10 ,: o L L | 1 [l J

2.00 2.10 2.20 2.30 2.40 2.50

Wavelength {(um)

Fig. 12. Near-infrared sky brightness around 2.3 j:m as ob-
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of airglow emission in this region. The South Pole data are
compared to observations obtained at the Siding Spring ob-
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Table 6. Minimum observed sky bright nesses found in the

DIRBE weekly averaged sky maps

A vl, = Al

(pm) (oW m~? sr7') (MJy/sr)

I,

e f e r e n c e

125 393 + 13 0.16 +0.005 1
2.2 150 + 5 0.11 +0.004 1
35 63+ 3 0.074 +0.004 1
49 192 +7 0.31 +£0.01 1
12 2660 + 310 107 + 1.2 1
25 2160 + 330 18 43 1
60 261 + 22 5.2 +0.4 1
100 744 10 25 * 0.3 1
140 57 + 6 27+ 03 1
240 L2242 1.8+ 0.2 1
T Hauser 1995 ' -
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5. ‘Tropospheric scattering

From earthbound measurcments of the night sky bright-
nessthe contribution due to tropospheric scattering (see
Equ. 1) has to be subtracted in order to determine its un-
contaminated extraterrestrial intensity and polarization,
The strongest contributions to scattered light come from
airglow, zodiaca light (ZL) and integrated starlight (ISL)
- that is, the correction to be applied is in part determined
by the brightness distribution of the sources under study
themselves. The correction is of the order of 10- 100 Sio,
which corresponds to 15% or more of the Zodiacal light,
and to typically 10- 30% of the ISL. Due to the limited
accuracy to which the correction can be determined, it can
be applied explicitly only to measurements aimed at the
determination of ZL and ISL. The weaker components of
the night sky brightness, DGL and EBL, must be deter-
mined by differential methods.

Detailed calculations on first order Rayleigh- and Mie-
scattering (including linear and circular polarization) in
the (spherical) Earth’s atmosphere illuminated by a uni-
form, unpolarized source, by the Milky Way and by the
Zodiacal light were performed by Staude (1975) for vari-
ous values of the optical thickness of the Rayleigh and Mie
components of the atmosphere, and assuming two different
values for the refractive index m of atmospheric aerosols
(m = 1.33, as for water vapour, and m =15 — 0.1¢, as for
aerosols in dry air). The position and orientation of Milky
Way and Zodiacal Light cone were varied independently
over the whole range occurring in practice. Some results
from this study are reported in the following.

5.1. A uniform unpolarized source of wunit brightness

The brightness of tropospherically scattered airglow
can be estimated using the results obtained for an uniform
unpolarized source of unit brightness (extending over the
entire visible sky) in the single scattering approximation,
which are given in Figures 13 and 14. They give the inten-
sity of the scattered light and its polarization as a function
of zenith distance of the observing direction zo, for differ-
ent values of the zenith extinction 7o of the Rayleigh and
Mie component.

Table 7. The correction factors for multiple scattering in a
Rayleigh atmosphere for different values of the zenith extinc-

tion 7%. See text for details.

{ TR Fus fus
1.12+0.04 | 0.95£0.05
1.22 £0.06 | 0.90 +0.05
1.33+0.06 | 0.85%0.05
1.444+0.07 | 0.80 £0.05
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Fig. 13. Intensity and polarization of the atmospheric scat-
tered light in a pure Rayleigh atmosphere, for a source of unit
brightness and various values of the zenith extinction Tr, asa
function of zenith distance .
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Fig. 14. Same as Figure 13 for two pure Mie atmospheres



Table 8. Intensity inSyo and polarization of scatteredintegrated starlight for two pure Rayleigh and two pure Mie atmospheres
withthe given values of zenith extinction Tr and 7a. The galactic center is assumed at the zenith (z = (), the gdactic equator

crosses the horizon at .4 = 90, 270; 1 and b arc galactic coordinates

I { ‘ b 4 Zz- 11 12 l 1.1 Ds [ d> 12 [ 13 [ Ds [ ®
Tr =].10 TR = 0.20

0 0 0 0 | 260.0 2:553?(4—.0 104 | 90 | 2130 8.2- 8.7 | 90 |
330 | 0| 90 | 30| 2208 || 19638 4.5 | 129 | 90 || 175.4 | 90 | 11.4 | 90
333 | 14| 120 | 30 | 1125 | 10m033|44 | 116 | 69 || 89.4 | 89 | 102 | 69
344 | 26| 150 | 30| 573 || 511 (44| 83 | 41| 455 | 88 | 69 | 43
360 | 30| 180 | 30 | 523 || 466 | 43| 6.0 | o || 416 | 87 | 44 | 0
300 | 0| 90 | 60 | 151.9 || 12655| 7.0 | 183 | 90 || 1020 | 134 | 17.4 | 90
304 | 26 | 120 | 60 | 54.1 || 443 (68 | 159 | 82 || 363 | 131 | 154 | 82
319 | 49 | 150 | 60 | 363 || 297 {65 ) 99 | 74| 244 | 125 | 101 | 77
360 | 60 | 180 | 60 | 29.4 || 241 [ 64 | 47 | 90 || 197 122 ] 61 |90
Tar = 1 05 W= 15 T
360 | 0 | 0 | 0 | 2600 || 274459 | 0.6 | 90 || 2239 | 158 | 0.5 | 90
330 | 0 | 90 |30 | 2208 || 208458 | 0.7 | 90 || 1857 | 154 | 0.6 | 90
333 |14 | 120 | 30 | 1125 || weed 4.9 | 0.7 | 67 || 947 | 130 | 0.7 | 68
344 | 26 | 150 |30 | 573 || 541 [ 39| 06 |40 || 482 | 102 | 06 | 42
360 |30 | 180 |30 | 523 || 494 {35]| 05 | 0 || 440 | 94 | 04 | O
300 | 0 | 90 |60 | 1519 || u375 | 7.2 | 10 | 90 | 1127 | 174 | 1.1 | 90
304 |26 | 120 | 60 | 54.1 489 |51 ) L1 {8 | 401 |123 | 1.3 | 87
319 |49 | 150 |60 | 363 || 328 { 35| 09 |8 || 269 | 86 | L1 | 88
360 | 60 | 180 |60 | 294 || 266 | 30| 07 |90 || 218 | 74 | Lo | 90

Table 9. Same as for Table 8, but with the Galactic center a8 A=0,z=180

1 b | 4] = I, L L p | & L [ L [T p [ @
TR = 0.10 TR = 0.20
180 | o | 0| 0| 1000 95|28 99 | 9 819 T 5.6“F'§T_ 90
180 | 30| 0 | 30| 506 || 451 | 31| 70 | 180 || 402 | 61 | 52 | 180
196 | 26| 30| 30| 519 || 462 | 31| 80 | 144 || 412 | 62 | 65 | 142
207 | 14| 60| 30| 676 || 602 | 31| 98 | 115 537 | 62 | 85 | 114
210 | 0 | 90| 30| 1001 || 892 | 32| 106 | 9 || 795 | 6.3 | 93 | 9
180 | 60| 0 | 60| 290 || 238 | 47 | 06 | 180 || 195 | 89 | 15 | 90
221 | 49 | 30| 60 | 358 || 293 | 48| 54 [ 120 || 241 | 91 | 58 | 111
236 | 26 | 60 | 60 | 519 || 425 | 50 | 102 | 103 || 349 | 95 | 102 | 101
240 | 0 |90 | 60 | 1018 || 834 | 5.1 | 121 j_ 9 || 684 | 97 J_lZ.O 90
v = 0.05 Ty = 0.15
180 | 0| o | 0 | 2000 |/ 951 | 307 07 T 9 [[8.1] 80 ] 06 | 90
180 |30 | 0 |30 | 506 || 477 | 25| 0.7 | 180 | 425 | 65 | 0.6 | 180
196 | 26 | 30 | 30 | 519 |/ 490 | 26 | 0.7 | 148 | 436 | 69 | 06 | 146
207 | 11 |60 |30 | 676 || 638 | 30| 06 | 118 | 568 | 7.9 | 06 | 116
210 | 0 | 90 |30 | t00.1 || 945 | 33| 06 | 9 | 843 87 | 06 | 90
180 |60 | 0 |60 | 200 || 262 | 26| 02 | 180 || 215 | 6.3 0 90
221 | 49 |30 |60 | 358 |[324 [30] 02 | 120 266 | 7.2 | 03 | 107
236 | 26 | 60 |60 | 519 ||470 | 10| 05 | 101 || 385 | 96 | 06 | 98
20 | 0 |90 |60 | .0Ls |[92.1 |51 06 | 90 || 755 | 123 (6 | 90
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Table 10. Intensity in Sio and polarization of tropospherically scattered Zodiacal light. The Sun is located at A = 90, z = 103,
the ecliptic is perpendicularto the horizon

10:] 0 0 0| 1582 1432 | 95| 325] 90 129.6 185 | 276] 90
85| 0| 9 | 20| 2203 1981 | 106 | 265 | 90 178.2.| 205 | 226| 90
89 | 12| 13C| 20| 1731 1557 | 103 | 27.8| 48 1400 | 200 | 23.5| 48
105 | 2( | 18C | 20| 1336 120.1 99 | 316 | 178 || 1080 | 191 | 265 | 17;
15| o | 27¢| 20| 1386 1247 | 100 | 332 | 9 112.1 193 | 286 | 90
65 | 0| 90 | 40| 3516 3087 | 137 187 | 90 2710 | 259 | 166 | 69
72 | 24| 130 | 40| 1702 1495 | 129 | 202 | 46 1312 | 243 | 17.1| 47
105 | 4C | 180 | 40 | 1024 809 | 114 | 290 | 175 78.9 216 | 238 174
145 | o | 270 | 40| 146.8 1289 | 127 | 279 | 9 1132 | 239 | 251 | 90
45| 0| 90 | 60| 8656 700.4 | 214 | 130 | 90 5814 | 385 | 125 | 90
52 | 34| 130 | 60 | 186.8 1531 | 19.2 | 108 | 44 1255 | 346 | 9.1 | 48
105 | 60 | 180 | 60 | 90.5 742 | 158 | 259 | 171 60.8 286 | 205 | 170
165 | 0 | 270 | 60 | 164.4 1348 | 200 | 201 | 90 1104 | 359 | 192 | 9
30 | 0| 9 | 75| 22000 || 1504.5 | 37.8 | 11.3 | 90 || 10289 | 616 | 11.7 | 90
34 | 38| 130 | 75 | 2014 1377 | 331 | 30 | 45 94.2 541 | 31 | 66
05 | 75| 180 | 75| 788 539 | 26.4 | 239 | 169 36.9 433 | 182 | 166
180 | 0 | 270 | 75 | 180.0 1231 | 364 | 152 | 90 84.2 503 | 154 | 90
Aar = | 05 Ty = 5
05| 0| 0 0 | 158,22 1505 | 65 | 176 | 90 1362 | 173 | 173 | 90
8 | o | 90 | 20 | 2203 2089 | 89 | 189 | 90 1879 | 234 | 188 | 90
89 | 13 | 130 | 20 | 1731 1642 | 79 | 188 | 52 1476 | 208 | 187 | 52
105 | 20 | 180 | 20 | 1336 1267 | 63 | 174 | 4 1139 | 167 | 172 | 4
125 | o | 270 | 20 | 1386 1315 | 59 | 128 | 90 1182 | 156 | 127 | 90
65 | 0 | 90 | 10 | 3516 3204 | 160 | 175 | 90 2892 | 404 | 176 | 90
72 || 130 | 10 | 1702 1595 | 109 | 179 | 52 1400 | 276 | 180 | 52
105 | 10 | 180 | 10 | 1024 95.9 6.5 | 17.1 7 84.2 166 | 169 | 7
145 | 0 | 270 | 10 | 1468 137.6 68 | 6.7 | 9 120.8 176 | 6.7 | 90
45 | 0 | 90 |30 | 865.6 7836 | 384 | 148 | 90 6422 | 886 | 151 | 90
52 |34 | [30 | 0 | 186.8 169.1 | 175 | 1563 | 50 1386 | 40.7 | 156 | 51
105 | 0 | 180 | 0 | 905 81.9 79 | 166 | 10 67.1 188 | 163 | 10
65 | o | 270 | 0 | 164.4 1489 | 99 | 90 | 9 1220 | 236 | 31 | 9
30 [ D |9 | 5 |:2000 ||18193 |)23 | 127 | 90 | 12442 | 1789 | 132 | 90
34 |8 | 39 | 5 | 2014 166.5 | 2.8 | 127 | 49 1139 | 59.1 | 13.0 | 50
05 | 5| 8 | ‘5 | 788 65.2 1.5 | 16.0 | 12 41.6 237 |35 | 12
80 | ) |70 | 5 | 1800 1489 | 61 |21 | 90 1018 | 327 |25 |90 |

The influence of multiple Rayleigh scattering was esti-  scattering.
mated using the work of Dave (1964) and of de Bary and
Bullrich (1964), who determined the higher order contri-
butions to the scattered light from a point source in a
plane-paralel atmosphere. The derived correction factors 5.2. The integrated starlight

Fyrs=1Ips/Iss for the intensity, and fars = pars/pss . . .

. : : ) The integrated starlight scattered in the troposphere was
for the depolarization .Of scattereq I'ght are given In Ta_ble calculatzg using anganalytical model for thg z&j(traterres-
7. All results for Raylel.gh scattenr?g given in _the foIIovylng trial brightness of the LSL: a two dimensional Gauss dis-
are corrected for multiple scatte_rlng. For Mie scfatter.mg, tribution was fitted to the blue isophotes given by Elsiisser
de Bary (1964) concludes that higher order contributions and Haug (1960). The constants were agjusted to give a
are negligible for scattering angles 8 < 30°. Therefore, model inltjensit 1'(1_0 b= 0) =260 S JI (L= 120° b=
since the main contribution by atmospheric aerosols to 0) = I,(i = 210 }):_O),: 1_00 S__ and Imil Lb: 1305: =0
the scattered light comes from regions with 6 < 30°, no TN - . 1o LT :

. : . . Sio.Athigher galactic latitudes an exponential decrease
corrections were gpplied to the first order results for Mie was assumed, with [ (. b = £80) = 20 S, following the



Table 11. Same as Table 10, with the Sun at A4 =90,z =135

19

_‘: ,j A z [[ - 7] - - -L— Ds | @ I |, Ps fesd
T ' R = 1 | TR = 20
135 0 0 | 0] -1411 | 127.7| 66 | 169] 90 || 1156 ] 131 | 143 ]| 90
15| 0| 90| 20| 1432 | 1288 | 70 | 178| 90 || 1159 | 137 | 15.3| 90
119 | 13| 130 | 20| 1284 | 1155 | 69 | 171 | 53| 1039 | 136 | 1435 | 33
135 20| 180 | 20| 1202 || 1081 | 69 | 152 | 3 || 973 | 136 | 126 | 3
155 0| 270| 20| 1536 || 1381 | 7.2 | 147 | 90| 1242 | 141 | 126 | 90
95 | 0| 90 | 40| 1835 || 1611 | 84 | 178 | 90| 1414 | 162 | 160 | 90
102 | 24 | 130 | 40| 12907 | 1139 | 82 | 161 | 57 || 1000 | 158 | 141 | 59
135 | 40| 180 | 40| 929 || 816 | 80 | 118| 7 | 716 | 154 | 91 | 8
175 | 0 | 270 | 40 | 176.6 || 155.0 | 88 | 131 | 90 || 136.1 | 17.0 | 11.9 | 90
75 | 0| 90 | 60 | 2734 || 2241 | 126 | 166 | 90 || 183.6 | 23.1 | 158 | 90
82 | 34| 130 | 60 | 1285 || 1053 | 11.9 | 136 | 63 || 863 | 219 | 128 | 66
135 | 60 | 180 | 60 | 90.0 738 | 111 | 7.7 | 16 || 604 | 205 | 5.2 | 22
195 | 0 | 270 | 60 | 1644 || 1348 | 13.1 | 125 | 90 || 1104 | 24.0 | 121 | 90
60 | 0 | 90 | 75 | 4200 || 287.2 | 221 | 153 | 90 || 196.4 | 37.0 | 153 | 90
64 | 36| 130 | 75| 1379 || 943 | 206 | 111 | 70 || 645 | 345 | 114 | 74
135 | 75 | 180 | 75 | 78.9 539 | 185 | 5.8 | 27 || 369 | 312 | 41 | 42
210 | o | 270 | 75 | 150.0 || 1026 | 227 | 129 | 90 || 70.2 | 37.9 | 13.1 | 90
ar = 05 M= E__
135 | 0| 0 | 0 [ 1411 || 1342 54 | 82 | 90 || 1215 | 144 | 81 | 90
115 | 0 | 90 | 20 | 1432 || 1358 | 59 | 138 | 90 || 1222 | 15.6 | 136 | 90
119 | 13 | 130 | 20 | 1284 || 121.8 | 56 | 128 | 57 | 1095 | 148 | 126 | 57
135 | 20 | 180 | 20 | 1202 || 1140 | 52 | 88 | 15 || 1026 | 139 | 87 | 15
155 | 0 | 270 | 20 | 1536 || 1456 | 57 | 31 | 90 || 1310 | 151 | 30 | 90
95 | 0 | 90 |40 | 1835 || 1719 | 83 | 173 | 90 || 1510 | 211 | 173 | 90
102 | 24 | 130 | 40 | 129.7 || 1215 | 6.9 | 161 | 61 || 1067 | 17.6 | 19.0 | 62
135 | 40 | 180 | 40 | 929 | 871 | 55 | 104 | 28 || 765 | 141 | 103 | 28
175 | 0 | 270 | 40 | 1766 || 1654 | 70 | 09 |90 || 1452 | 181 | 09 | 90
75 | 0 | 90 |60 | 2734 || 2475 | 149 | 185 | 90 || 202.9 | 34.8 | 186 | 90
82 |34 | 130 | 60 | 1285 || 116.3 | 100 | 176 | 64 || 954 | 236 | 176 | 64
135 | 60 | 180 | 60 | 90.0 815 | 69 | 125 [ 38 || 66.8 | 165 | 123 | 38
195 | 0 | 270 | 60 | 1644 || 1489 | 96 | 07 |90 || 1220 | 230 | 0.7 | 90
60 | 0 | 90 | 75 | 4200 || 3473 | 29.3 | 184 | 90 || 2375 | 57.6 | 185 | 90
64 |38 | 130 |75 | 137.9 || 1140 | 164 | 175 |65 || 780 |[329 | 176 |65
135 | 75 | 180 |75 | 789 652 | 101 | 137 | 42 || 446 |208 | 135 |42
210 | 0 |270 | 75 | 1500 || 124.0 | 144 | 17 |90 | 848 |296 | 1.7 |90

star counts of Roach and Megill (1961). The assumption
of such a smooth brightness distribution is safe even for
Mie scattering, since also in this case scattering angles
up to = 30° contribute substantially to the integrated
scattered light. Figure 15 shows the intensity of the scat-
tered ISL as a function of zenith distance for the case
that the galactic centre is at the zenith. In Table 8 the
scattered intensity I,, and its degree and orientation of
polarization, (in percent) and ¢ are tabulated for this
situation together with the assumed source brightness I,
in the viewing direction and the transmitted brightness I»
weakened by atmospheric extinction. In Table 9 the same
values are given for the galactic anticentre at the zenith.
The refractive index of the Mie particles is assurned to be

m = 1.33.

5.3. The Zodiacal light

Intensity and polarization of Zodiacal light scattered in
the troposphere were calculated assuming the brightness
distribution given by Dumont (1965) at A = 5000 A. For
the linear polarization the values measured by Weinberg
(1964) a the ecliptic were used, assuming that over the
whole sky the polarization is a function of angular dis-
tance to the Sun (elongation ¢, see section 3.5) alone
(Dumont and Sanchez Martinez1966). The polarization
was assumed to be perpendicular to the direction of the
Sun.
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Table 12. Same as Tables 10 and 11, with the Sun at 4 =90, : = 180

180
160
104
180
140
147
180
120
127
180
105
109
180

180
160
164
180
140
147
180
120
127
180
105
109
180

3 4 z I, I [ I, [ Ds [ ¢ I [ 1, I Ds [ )
= 0.10 78-0.20
0| o 0| 180.0| 1629] 6.0 | 59 | 9C | 1474 120 | 48 | o¢C
0| 90 | 20| 1580 || 1421 | 63 | 7.0 | 9C || 127.8| 125 | 60 | 90
13| 130 | 20| 2445 | 1293 | 6.3 | 60 | 57 || 1169 | 125 | 50 | 38
20| 180 | 20 | 1300 || 1169 | 62 | 42 | 0 || 1051 | 124 | 32| 0O
0| 90 | 40| 1440 || 1264 | 74 | 101 | 9 || 1120 | 144 | 92 | 9
24| 130 | 40 | 1174 || 1031 | 73 | 77 | 72 || 905 | 142 | 71 | 74
40 | 180 | 40 | 90.0 790 | 72 | 03 |87 || 694 | 140 | 13 | 89
0| 90 | 60| 1400 || 1147 | 105 | 138 | 90 || 940 | 196 | 132 | 90
34| 130 | 60 | 1019 || 835 | 103 | 112 | 82 || 684 | 192 | 11.1| 83
60 | 180 | 60 | 90.0 738 | 99 | 62 | 90| 604 | 186 | 7.1 | 90
0| 90 | 75 | 1582 || 1082 | 179 | 160 | 90 || 740 | 304 | 158 | 90
36 | 130 | 75 | 1023 || 700 | 174 | 137 | 86 || 47.9 | 296 | 13.9 | 87
75 | 180 | 75 | 78.9 539 | 167 | 99 | 90 || 369 | 284 | 109 | 90
—__ i T = 05 = 13
0 0 0 | 1800 || 1712 | 57 | 07 | 90 | 155.0 | 152 | 06 | 90
0| 90 | 20 | 1580 || 1498 | 57 | 1.6 | 90 || 1347 | 1561 | 15 | 90
13 | 130 | 20 | 1445 || 1370 | 55 | 1.2 | 72 | 1232 | 147 | 12 | 73
20 | 180 | 20 | 130.0 || 1233 | 53 | 0.1 |88 || 1109 | 141 | 0.2 | 38
0 | 90 |40 | 1440 || 1349 | 65 | 55 |90 || 1185 | 167 | 53 | 30
24 | 130 | 40 | 1174 || 1100 | 59 | 48 |85 || 966 | 152 | 47 |35
40 | 180 | 40 | 90.0 843 | 53 | 38 |90 || 740 | 137 | 38 | 30
0 | 90 |60 | 1400 || 1267 | 89 | 107 | 90 || 1039 | 213 | 105 | 20
34 | 130 | 60 | 1019 || 922 | 76 | 100 |88 || 756 | 182 | 99 |38
60 | 180 | 60 | 90.0 815 | 66 | 92 |90 || 668 | 159 | 91 |0
0 | 90 |75 |1582 || 1308 | 144 | 139 || 90 || 895 | 2.2 | 137 | )0
38 | 130 |75 | 1023 || 846 | 117 | 132 |89 || 579 | 239 | 130 | 39
75 | 180 |75 | 789 65.2 \ 97 | 124 ||90 || 446 |20.0 | 123 |10

Figures 16 and 17 show the results for two cases, pure
Rayleigh- and pure Mie-scattering (water vapor), respec-
tively. In Tables 10, 11 and 12 the results are collected for
three different positions of the Sun below the horizon. The
ecliptic is assumed to be perpendicular to the horizon. All
other quantities as in Tables 8 and 9.
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Fig. 15. The intensity of the scattered IS as a function of
zenith distance, for different azimuths and zenith extincion val-
ues of the Rayleigh resp.Mie components of the atmosphere.
The galactic centre is assumed at the zenith, the galactic equa
tor crosses the horizon a A = 90°,270°.
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Fig. 16. The intensity of the scattered ZL for a pure Rayleigh
atmosphere with optical thickness rr=0. 1. Positron of the sun
at azimuth 4 ,=90°, zenith distance z;=103°, the ecliptic ¥
perpendicular to the horizon
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Fig. 17. The intensity of the scattered ZL for pure Mie scatter-
ing with optical thickness 7ar=0.1, for particles with refractive
index m=1.33. Otherwise same as for Figure 16.



6. Airglow

The airglow emissions vary considerably with time, on
snort. (minutes)and long timescales, mainly due to
changes in the atmosphere and irr solar activity. They aso
depend on geomagnetic latitude, witha distinctive trop-
ical brightness enhancement. The brightness values given
below therefore are only indicative of the typical intensi-
ties. Many of the airglow emissions arise in the ionospheric
E layer a = 90 km, some in the F region above 150 km
(see Figure 18), some, like Lya and Ha in the Geocorona.
The phenomenological side of airglow, which is the part of
interest for the night sky brightness, has for the visua re-
gion in large part been studied in the sixties and seventies,
which reflects in the list of references. Typical brightness
values of main airglow lines are summarised in Table 13.

T T T T T

FOR REGION OBSERVED

" i LOCAL TIME 4 HR. 51 MIN.

& LONGITUDE .18"
7T 20k LATITUDE 31

z GEOMAGNETIC LATITUDE 38"
(13

g -

5 COMPUTED ZENITH INTENSITY
£ 140 RAYLEIGHS

4

& X_ _

1 .J_ ! 1 1 1 J - L
0 200 300 400
ALTITUDE {KILOMETERS)

Fig. 18. A typicad height profile of airglow volume emission,
as measureed from the satellite OGO Il. The peak near 90 km
is due to OH emission, the extended peak at higher altitudes
to [01] emission at 630 nm. From Reed and Blamont (1967).

6.1. Airglow spectrum
a) Visual

Broadfoot and Kendall (1968) give the spectrum of the
airglow from 300 nm to 1 pm (see Figure 20). It is based
on photoelectric observations at Kitt Peak near zenith and
within 30° of the galactic pole. The spectral resolution is
53, the scan step four times smaller. The [01] lines at 630
nm and 636.4 nm and also Ha are weaker than average in
these observations.

b) Ultraviolet

Ultraviolet astronomical observations mostly are taken
from above the atmosphere by rockets or satellites. In this
context it is relevant to know the airglow as seen from such
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Fig. 19. Spectra of the nightglow from 800 A to 1400.$ at 3.$
resolution. The data were obtained from the space shuttle at
an altitude of 358 krn on December 5, 1990. Two spectra are
shown, of which the upper one was taken closer to the dusk
terminator. It therefore aso shows 011834 and Hel 584, which
are features belonging to the dayglow. The zenith distance was
=~ 85° and =~ 90° for the upper and lower spectrum, respec-
tively. Lya is a geocoronal line. The continuum at 911 i is
due to O'recombination to the ground state. From Feldman
et a. (1992).

spacecraft positions. Results obtained at typical altitudes
are shown in Figures 19 and 21. The strength of the main
emission lines is also summarised in Table 13. For the 01
130.4 nm and 135.6 nrn lines enhanced values observed in
the tropical airglow (Barth and Schaffner 1976) are given.
At mid latitudes they are less intense by about one order
of magnitude. Apart from the main emission lines shown
in Figure 19, the ultraviolet region between 850 A and
1400 A is thought to be free of nightglow emission.

The viewing line of spacecraft on the night side of
the atmosphere may cross the terminator and continue
through the sunlit parts of the atmosphere. Under these
twilight conditions, dayglow features become important.
E.g. the NO~ bands then are excited by resonance fluo-
rescence and then are much stronger, the N2 Lyman-Birge-
Hopfield bands are clearly visible, and the forbidden [011]
emission at 247 nm is strong. Figure 22 shows ultraviolet
airglow emission observed under such conditions. An ex-
cellent review on observations and modelling of both day-
glow and nightglow ultraviolet emissions has been given
by Meier (1991).

¢) Near infrared

From 1 pmto 3 um, OH in alayer around 90 Krn height
dominates the airglow emission. There is a gap in the OH
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Figure 20 continued
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Table 13. Typical zenith brightness of nightglow emissions™

Source Wavelength Height of " Intensity?
emitting laver
Ly3 102.6 nm " geocorona ~10 R
Lya 121.6 nm geocorona 3 kR{night) -34 kR(day)
01 130.4 nm 250-300 krn =40 R (in tropica airglow)
01 135.6 nm 250-300 km =30 R (in tropica airglow)
O2(Herzberg bands) 300 nrn -400 nm 90 km 0.8 R/A
[01] 557.7 nm 90 km 250 R
Na D 589.0 nm, 589.6 nm =92 km 30 R (summer)
to 100 R (winter)
[01] 630.0 nm 250-300 km 60 R
[01] 636.4 nm 250-300 km 20 R
Ha 656.3 nm geocorona 1-6 R (night)
pseudocontinuum 400 nm -700 nm 90 km 0.3 R/i
(O} 864.5 nm =80 km 1kR
OH 600 nm -45 pm385 km 4.5 MR (all bands)

“after Chamberlain (1961), Roach (1964), Roach and Gordon (1973), Meier (1991); see also the references in the sections on

geocorona and ultraviolet airglow.
transformed to zenith, where necessary
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Fig. 21. Left: Spectrum of the nightglow from 1250 A to 1700 A at 17 A resolution. The data were obtained” from the space

shuttle at a height of 330 km in January 1986 a minimum solar activity. The oxygen Ollines at 1304 A and 1356 :

A are the

brightest features. For the weakly visible Lyman-Birge-Hopfield bands the dashed curveshows a predicted spectrum. Right:
Spectrum of the ultraviolet nightglow from 170 nm to 310 nm a 29 A resolution obtained on the same flight. The solid line
shows an appropriately scaled solar spectrum and is assumed to show the contribution to zodiacal light. From Morrison et al.

(1992)

spectrum around 2.4 pm (see Figure 27) whichisimpor-
ant for balloon observations and also for the low back-
ground observations possible from Antarctica (see section
4.3). Seen from the ground, longward of 2.5 pairglow is
only a smal addition to the thermal emission from the
troposphere (compare Figure 11 in section 4 above). Fig-
ures 25 and 26 show the near-infrared OH spectrum at
two resolutions, once with a low spectral resolution of AA
=160 A, and once with a higher resolution of A/A\ =
250 -800.Wavelength lists and intensities for the individ-

ual OH bands can be found in Ramsay et d. (1992) and
Oliva and Origlia ( 1992). Obviously, the near-infrared air-
glow is dominated by the OH bands. They primarily aso
determine the night sky brightness in the J ( 1.2 pm) and
H (1.6 pm) bands (Figure 11, section 4.3).

6.2. Dependence on zenith distance

In absence of atmospheric extinction, a thin homoge-
neously emitting laver at height h above the Earth's sur-
face shows a brightness increase towards the horizon,
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Fig. 23. Increase Of airglow brightness at 2.1 pm towards the
horizon observed from a balloon a 30 km altitude on October
23, 1972. Dots represent the measurements, the line gives the
van Rhijn function for a height of the emitting layer of 92 km.
From Hofrnann et a. (1977).

which is given by the so-called van Rhijn function

1
\/17— [R/(R + h))?sin” z

where R = 6378 km is the radius of the earth. E.g., for h
= 100 km{I(z) /1(0)}maz = 5.7 results (Roach and Meinel
1955). This situation typically applies for balloon experi-

I(z)/I{zenith) = , (13)

40
ZENITH DISTANCE [°]

Fig. 24. zenith angle dependence of sky brightness observed
at 530 nm from Haleakala (Kwon et a. 1991). The points rep-
resent an average normalised profile. The thin lines are the
curves predicted by Barbier in 1944 for heights of the airglow
emitting layer of 50 krn (higher maximum) and 200 km, respec-
tively. The solid line fitting the data is an ad-hoc modification
of Bar bier’s formula

ments. Figure 23 shows an example. For observations from
the ground, extinction and scattering change the behav-
iour in particular for zenith distances > 40°. Around A =
500 nm - 600 nm a maximurn airglow increase by about a
factor of about four may be expected at z = 75° - 80°, with
the brightness decreasing again towards the horizon .(see
Figure 24 for an observation and Roach and Meinel (19.55)
for a selection of predicted profiles). For shorter wave-
lengths, with stronger scattering and extinction, this de-
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Fig. 25. Near-infrared airglow spectrum as seen from the round at 160 A resolution (for A > 1.2 xm). The OH bands mainly
contributing to the emission have been identified in the figure. “differential” simply means “per micron”. From Harrison and

Kendall (1992).
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crease starts already at higher elevations. However, appro- oo —

p riate models (based on realistic assumptions, including R
N = 525 nm o

multiple scattering in aspherical atmosphere and going o June 11 .
down to the horizon)to account for the observed bright- ¢~ a Jure 13 3
ness profiles from the zenith to the horizon have not yet - S , ’
been calculated. The results given in section 5do not claim :Z 450 o 4
to be accurate near the horizon. " -
. &
— 5 o
. ”
-8 OH- Al RGLOW = 300} 0 =
34p g
2ip T
. : / 150 . ]
J i 27p 150 300 450 600
-9 / 1 - Intensity b {10 ergscm™s™ str™ A-']
A P
;;7 ‘,’l E ," Fig. 28. Correlation between' the diffuse sky emission a 467
’g 082y ! .: nrn (Stromgren d) and a A== 525 nm. The brightness varia-
z ] E ! tions in both bands mainly are due to airglow. From Leinert
s P et al. (1995).
o & 1l
€ 0| W »
124y these emissions. These examples do not give a all a full
; ' overview on airglow variability but just demonstrate that
: f it is a typical property of this source of night sky bright-
ness.
In the visual spectral region, correlations between
-1 the prominent [01] and NaD airglow emission lines and
2 8 ¢ “pseudocontinuurn” bands at 367 nm, 440 nm, 526 nm,

wavel ength(p)

Fig. 27. Spectra distribution of near-infrared zenith airglow
showing the gap in airglow emission around 2.4 um. The air-
glow measurement shavebeen performed from a balloon at 30
km altitude during flights in 1972 and 1974. Variations from
flight to flight'and during one night were less than a factor of

two. From Hofmann et a. (1977).

6.3. Variations

Airglow emission is often patchy and varying in bright-
ness and spatial distribution with time. Roach and Gor-
don (1973) demonstrate this by showing airglow maps
in time steps of 13 minutes on the right upper corner
of odd pages, thus enabling a “ thumb-cinema” look at
these spatio-temporal variations. Quantitative examples
for variation during one night or variation with solar cy-
cle can be seen in Figures 8 and 10 in section 4. Often a
systematic decrease of airglow emission during the course
of the night is observed, explained as result of the energy
stored during day in the respective atmospheric layers.
Figure 29 shows this for the OH emissions and also gives
an example for the wavelike structures often apparent in

558 nm, 634 nrn and 670 nrn have been studied by Bar-
bier (1956) who established three “ covariance groups’.
E.g., the correlation between the 557.7 nm line and the
“pseudocontinuum” at 502 nm has been used by Dumont
(1965) to eliminate the airglow contribution from his zodi-
acal light meastrrernents. Sometimes such correlations can
be quite tight (see Figure 28).

6.4. Geocorona

Above 1000 km, the earths atmosphere changes to a com-
position of mainly neutral hydrogen with some ionised he-
lium, the density falling off gradually over a few earth
radii. Two telling images of the geocorona in Lya, includ-
ing the globe of the earth, are shown by Frank et al. (1985,
see p.63). This geocorona is optically thick to the solar
Lyman lines. Typica intensities of the emissions observed
from ground (in the visua) or from earth orbit are given
in Table 13, with the data taken from Caulet et al. (1994)
and Raurden et al. 1986 for Lya, Meier et a. (1977) for
Ly3, Levasseur et a. (1976) for Ha.

6.5. Interplanetary emissions

Solar radiation is scattered by neutral interstellar gas
atoms which are coming from the solar apex direction and
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Fig. 30. Interplanetary emission in the Lya (left) and He 584 A lines (right) observed by the Mariner 10 UV spectrometer
(Broadfoot and Kumar 1978). The observations were performed on January 28, 1974, while the spacecraft was at a heliocentric
distance of 0.76 AU and a 60 ° from the apex-Sun axis. The brightness units are Rayleighs. From Thomas (1978).

are pervading the solar system until ionized. The emitting
region is a sort of cone around the apex-Sun line. The ob-
served emission depends on the position of a spacecraft
with respect to this cone (see, eg. the reviewby Thomas
1978)). Typica patterns observed for the Lyo and He 584
A lines are shown in Figure 30.

6.6. Shuttle glow

Depending on altitude and solar activity, satellites pro-
duce additional light emissions by interaction with the
upper atmosphere (Shuttle glow). Photometric measure-
ments thus may be affected. These light phenomena are

relatively strong in the reel and near-infrared spectral re-
gions, but are noticeable towards the ultraviolet as well.

For instance, during the Spacelab 1 mission the emis-
sions of the N, Lyman-Birge-Hop field bands were found to
be in the range of 10-50 R/ A (Torr et a. 1985). These ob-
servations at 230 km altitude were performed under con-
ditions of moderate solar activity. During minimum solar
activity and at 330 km, Morrison et a. (1992) observed no
stuch emissions. The GAUSS camera onboard the German
Spacelab mission D2 (296 km, moderate solar activity) ob-
served a patchy glow with~ 0-3x 107° W m~2gr~'nm~!
at 210 nm (Schmidt tobreick 1997). Taking into account the
appropriate conversion factor, the observed glow intensity
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amounts to about 0.4 R/A in its brightest parts. Although
these three observations were made at somewhat ditferent
wavelengths, the overall increase of emission intensity |
with surrounding air density p is in agreement with an |
~p® law.



7. Light pollution

Artificial lighting at earth contributes via tropospheric
scattering to the night sky brightness over alarge area
around the source of light. Both a continuous component
as well as digtinct emission lines are present in the light
pollution spectrum. A recent review of sky pollution is
given in McNally (1994).
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Fig. 31. Variation with city population of the distance at
which the lights of a city produce an artificial increase of the

night sky brightness at 45 deg altitude toward the city by 0.20
msg. This increase refers to an assumed natural sky bright-
ness of V = 21.9 mag/0O". Observations by Walker (1977) are
indicated by dots. Two models by Garstang (1986) are shown
as solid lines. K is a measure for the relative importance of
aerosols for scattering light. The uppermost dot refers to Los
Angeles County, the cross below it to Los Angeles City. From
Garstang (1986).

‘7. 1. Observations of sky pollution

Systematic broad-band observations of the sky pollution
light near cities have been carried out by Bertiau et a.
(1973) in Italy, Berry (1976) in Canada and Walker (1973,
1977) in Cdifornia. Berry showed that there is a relation-
ship between the population of a city and the zenith sky
brightness as observed in or near to the city. Walker inter-
preted his extensive observations by deriving the following
relationships: (1) between the population and luminosity
of a city; (2) the sky brightness as a function of distance
from the city; and (3) between the population and the
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Fig. 32. Variation with distance from the city of the sky
brightness at 45 deg dltitude in the direction of the city. The
dots indicate observations in V band by Walker(1977) near
the city of Salina. The solid curves are according to mod-
els by Garstang (1986). The brightness ratio is defined as

b(Salinas at +45°) ~b(Salinas at --45°) — H
b(sky background onlv at 4 450) .where b = Sky bnghtne&,

Zenith distance +45° ‘is towards and -45° away from the city.
The solid curves are according to models by Garstang (1986),
Curve 1. Lo-986 lumens per head, K =0.43, F = 11 %. Curve
2: Lo-1000 lumens per head, K =0.5, F = 10 %.Lo is the ar-
tificial lighting in lumens produced per head of the population.
K is a measure for the relative importance of aerosols for scat-
tering light. F. a fraction F of the light produced by the city
is radiated directly into the sky at angles above the horizontal
plane, and the remainder (I-F) is radiated toward the ground.
The dashed line is the relation ~ D*3. From Garstang (1986).

distance from a city for a given sky pollution light contri-
bution. The last two relationships are shown in Figures 31
and 32. These figures can be utilized to derive an estimate
for the sky pollution at 45 deg altitude caused by a city
with 2000 — 4 million population and with a similar street
lighting power per head as California, Starting with the
city population Fig. 31 gives the distance at which the
artificial lighting contribution increases the natural sky
brightness by 20 % (0.2 mag/0"). With this distance one
can enter Fig.32 and obtain a scaling for the (arbitrary)
intensity axis of this figure. Thus the artificially caused
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Fig. 33. Zenith distance dependence of sky pollution light ac-
cording to the model calculations of Garstang (1986). Results
are for sky pollution due to Denver as seen from a distance
of 40 km in the vertica plane containing the observer and the
center of Denver. Curve 1: sky background; Curve 2: Denver
only; Curve 3: Denver and sky background. Negative zenith
distances are away from Denver. From Garstang (1986 ).”

sky brightness at 45 deg altitude at 6- 200 km distance
from the city can be estimated from this figure.

7.2. Modelling of sky pollution

Treanor (1973) and Bertiau et al. (1973) have used an
empirical formula, based on a simplified model of the
tropospheric scattering, to fit the sky pollution observa-
tions near cities. Garstang (1986, 1989a, 1989b, 1991) has
used radiative transfer models including 1st and 2nd order
Rayleigh and aerosole scattering, effects of ground albedo
and curvature of the earth’s surface, and the areal distri-
bution of the light source to calculate the sky pollution
light intensity. He has compared and scaled his model re-
sults against the above mentioned observational results.
Garstang's fitted models are shown in Figures 31 and
32. superimposed on the observational points of Walker
(1977). Garstang (1986, 1989a, 1989b) gives aso the cal-
culated zenith distance dependence of the sky pollution
light intensity both towards and away from the source of
light. These results are reproduced in Fig. 33.

7.3. Spectrum of the sky pollution light

The emission line spectra of the different types of street
lamps are visible in the night sky light even at good obser-
vatory sites, such as Kitt Peak in Arizona. While the most
commonly used street lamps until the 1970's were filled
with Hg there has been since then a general change over
to sodium lamps, both of the high pressure (HPS) and
low pressure sodium (LPS) types. The most important
sky pollution lines are given in Table 14 according to Os-
terbrock et al. (1976), Osterbrock and Martel (1992) and
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Massey et al. (1990). At good sites (e.g. Kit tPeak). the
strongest pollution lines are about a factor of two weaker
than the strongest airglow lines. The opposite is true for
strongly contaminated sites (eg. Mt Hamilton). Whereas
the pollution lines are normaly restricted to a relatively
narrow wavelenth range the Na D line wings produced by
the HPS lamps are extremely broad, extending over 5700
= 6100 A. Thus the LPS lamps are highly preferable over
the HP S-ones from the astronorner’s point of view.

Other studies of the night sky spectrum, including the
artificial pollution lines, have been presented by Broadfoot
and Kendall (1968) for Kitt Peak, Turnrose (1974) for Mt.
Palomar and hit. Wilson, and Louistisserand et al. (1987)
for Pic du Midi.

Table 14. The strongest artficial emission lines in the night sky
spectrum between 3600 — 8200 &. The most intense features
are shown in boldface

Line Sources
Hg | 3650 ‘Hg lighting
Hg | 3663 Hg lighting
Hg | 4047 Hg lighting
Hg | 4078 Hg lighting
Hg | 4358 Hg lighting
Nal 4665, 4669 HPS

Na | 4748, 4752 HPS

Na | 4978, 4983 HPS

Na | 5149, 5153 HPS

Hg | 5461 Hg lighting
Na | 5683, 5688 HPS, LPS
Hg | 5770 Hg lighting
Hgl 5791 Hg lighting
Nal 5890, 5896 | HPS, LPS, airg
Na | 5700-6100 | HPS
(wings)

Nal 6154, 6161 | HPS, LPS
K 17665 HPS, LPS
K 17699 HPS, LPS
Nal 8183 HPS, LPS
Na| 8195 HPS, LPS




8. Zodiacal light
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Fig. 34. Comparison of zodiacal light measurements along the
bands of constant ecliptic latitude 8 = 16.2° and/3 = 31.0° ob-
served by HeliosA and B. The ground-based measurements of
Levasseur-Regourd and Dumont (1980) at A.ss =502 nm have
been linearly interpolated to these latitude values. The He-
lios measurements at B and V (Leinert et al. 1981) have been
linearly interpolated to A.fy = 502 nm. The Pioneer measure-
ments (Toiler and Weinberg 1985) have been extrapolated from
blue to 502 nm with the values applicable for Helios and from/3
= 10° to 8= 16° according to the table of Levasseur-Regourd
and Dumont (1980). For definition of the SIO,unit see section
2.

8.1. Qverview and general remarks

The zodiacal lightin the ultraviolet, visual and near-
infrared region is due to sunlight scattered by the inter-
planetary dust particles. In the mid- and far-infrared it
is dominated by the thermal emission of those particles.
Zodiacal light brightness is a function of viewing direction
(A - Ag,08), wavelength, heliocentric distance (R) and po-
sition of the observer relative to the symmetry plane of in-
terplanetary dust. Its brightness does not vary with solar
cycle to within 1 % or a most a few percent (Dumont and
Levasseur-Regourd 1978, Leinert and Pitz 1989), except
for subtle effects associated with the scattering of sunlight
on the electrons of the interplanetary plasma (Richter et
al. 1982). However, seasona variations occur because of
the motion of the observer in heliocentric distance and
with respect to the symmetry plane of interplanetary dust
cloud (by the annual motion of the earth or the orbita
motion of the space probe). The colour of the zodiaca
light is similar to solar colour from 0.2 gmto 2 um,with
a moderate amount of reddening with respect to the sun
{see Figure 3S). Bevond these wavelengths, the thermal

emission of interplanetary dust gradually takes over, the
emission being about equal to the scattering part at 3.5
g (Berriman et al. 1994). In general the zodiacal light
is smoothly distributed, small-scale structures appearing
only at the level of a few percent.

At present, the overall brightness distribution and po-
larisation of zodiacal light have been most completely,
with the largest sky coverage determined in the visual.
The infrared maps obtained by the DIRBE experiment
on saellite COBE (see section 8.3) from 1.25 pmto 240
um provide excellent data, with relative accuracies of 1%
to 2% at least for the wavelengths between 1.25 um and
100 pm. Their absolute accuracy is estimated to ~3%
for wavelengths <12um and ~10% for the longer wave-
lengths. But these maps are limited to the range in solar
elongations of € = 94° £ 30°. An impression of the ac-
curacy achieved in the visual is obtained by comparing
the best available ground-based map (Levasseur-Regourd
and Dumont 19S0) with space probe results from Pioneer
10 (Toiler and Weinberg1985) and Helios k/B (Leinert
et al. 1985) in Figure 34. Among these, eg. the calibra-
tion of the Helios zodiacal light photometers was extensive
enough to predict before launch the count rates for bright
stars observed in flight to within a few percent, and to
propose the same correction to solar U-B and B-V colours
(Leinert et al. 19S1) as the cledicated solar measurements
of Tiig and Schmidt-Kaler (19S2). However the deviation
between the three zodiacal light data sets is larger than
suggested by this precision, typicaly 10 %, and up to 20
%. The deviation appears to be more systematic than sta-
tistical in nature. We conclude that the zodiaca light in

the visua is known to an accuracy of 10 % at best, about
half of which uncertainty is due to multiplicative errors

like calibration (including the definition of what aV = 10
mag solar analog G2V star exactly looks like).

In the ultraviolet, the maps of zodiacal light brightness
and polarisation are less complete than in the visual, and
the calibration is more difficult. In lack of convincingly
better information, we assume the overall distribution of
zodiacal light brightness at these wavelengths to be the
same as in the visual. This, of course, is only a conve-
nient approxirnation to hardly better than =~20%. Figures
35 and 36 show that this assumption nevertheless gives a
reasonable description of the IRAS zodiacal light measure-
ments a elongation € = 90° (Vrtilek and Hauser 1995) and
an acceptable approximation to the 10.9 pm and 20.9 pym
rocket measurements of Murdock and Price (1985) aong
the ecliptic over most of the elongation range. Therefore,
in the infrared, it also may be used in those areas where
direct infrared measurements are not available.

In this spirit, we now want to give the reader the in-
formation necessary to get the mentioned estimates of zo-
diacal light brightness on the basis of the brightness table
for visual wavelengths. To this end we write the observed
zodiaca light brightness 12, for a given viewing direction,
position of the observer and wavelength of observation
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Fig. 35. Comparison of the out-of-ecliptic decrease of zodiacal
light brightness at elongation 90° as measured from ground at
502 nm (Leva-sseur-Regourd and Dumont (1980)) and by IRAS
(Vrtilek and Hauser 1995). The IRAS measurements are rep-
resented here by their annual average. The squares give the
average of the profiles at 12 pm, 25 pm and 60 pm, the bars
given with the IRAS measurements show the range covered
by the profiles at the different wavelengths, with the measure-
ments at 60 um delineating the lower and the measurements
at 12 pm the upper envelope.

in acceptable approximation (i.e. more or less compatible
with the uncertainties of the results) as a product

.= frR, I(A=2Xg,B8)“ fass“ feo= fsp (14)
[S10g, respectivelyWm™ 2ortum ™ or M Jy/sr]

where

~I{A—Ag,0) is the map of zodiacal light brightness in
the visual for a position in the symmetry plane a 1
AU (Table 16 ,resp. Table 17),

— fass transforms from 500 nmto the wavelength depen-
dent absolute brightness level of the map

— f., gives the differential wavelength dependence (i.e.
the colour with respect to a solar spectrum), including
acolour dependent correction of the map. This factor is
applicable from 0.25 gm to 2.5 ym when the brightness
is wanted in SIO,units, starting from the value at 500
nrn (Table 16).

— fsp describes the influence of the position of the ob-
server with respect to the Symmetry Plane of inter-
planetary dust on the observed brightness. This effect
is discussed at length in section 8.7.

~ fr gives the dependence on heliocentric distance R.

In the following sections 8.2 -8.7 we provide the quantita-
tive information needed to use the unifying approximate

— Levasseur-Regourd
and Dumont
A Murdock and Price
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Fig. 36. Comparison of zodiacal light brightness profile along
the ecliptic as measured by Levasseur-Regourd and Dumont
(1980) at 502 nm and by a rocket flight (Murdock and Price
1983) at 10.9 pm and 20.9 pm. The rocket data for the two
wavelength bands have been averaged and normalised to the
ground-based measurements at an elongation of 60°. For defi-
nition of the SIO,unit see section 2.

equation (14) but also present present individua original
results and topics not directly related to it. Section 8.8 dis-
cusses the structures present in the zodiacal light on the
level of severa percent, and section 8.9 indicates how the
observed zodiacal light brightness depends on the position
of the observer in the solar system.

8.2. Heliocentric  dependence

This section gives information which allows us to estimate
the factor fr.

In the inner solar system, for 0.3 AU < R < 1.0 AU,
the Helios experiment (Leinert et a. 1980) found the vi-
sual brightness to increase with decreasing heliocentric
distance for al elongations between 16° and 160° as




In this same range the Helios experiment (Leinert et al.
1982) observed the degree of polarisation to increase with

increasing heliocentric distance as

p(R)

. R+0.3j:0.05
p(1AD)

(16)

In the outer solar sytem, for 1.0 AU < R <3.3 AU, Pioneer
10 (Toiler and Weinberg 1985, see also Hanner et a. 1976)
found a decrease with heliocentric distance which can be
summarised as

__I_-L{E)_ —-25%0.2 (17)
I1(14U) ’
neglecting the correction for Pioneer 10's changing dis-
tance from the symmetry plane (compare Table 29). Such
a steepening is expected to result if there is less interplane-
tary dust outside the asteroid belt than extrapolated from
the inner solar system (van Dijk et a. 1988, Hovenier and
Bosma 1991).

Similarly simple expressions for the thermal infrared
cannot be given, since the thermal emission of interplan-
etary dust

~ depends on the temperature T(R) of the dust grains
via Planck’s function, which is highly nonlinear and
therefore

— critically depends on wavelength.

Infrared observations from positions in the inner or outer
solar system are not yet available. Estimates therefore
have to be based on model predictions (see section 8.9).
Examples for such, to varying degrees physical or sim-
ply parameterising models are to be found, e.g. in Roser
and Staude (1978), Murdock and Price (1985), Deu! and
Wolstencroft (1988), Rowan-Robinson et al. (19'30), Reach
(1988,1991), Reach et a. (1996a), Dermott et al. (1996);
see also the discussion of several of these models by Hanner
(1991). Present knowledge on the most important physical
input parameters is summarised in Table 15, mostly taken
from Levasseur-Regourd (1996). Note that “local” polar-
isation does not mean the zodiacal light polarisation ob-
served locally at the Earth, but the polarisation produced
by scattering under 90° in a unit volume near the Earth's
orbit. The gradients (power law exponents in heliocentric
distance R) have been derived from brightness measure-
ments at 1AU using an inversion method called “nodes
of lesser uncertainty” (Dumont and Levasseur-Regourd
1985). The one directly observed physically relevant quan-
tity in the infrared is the colour temperature of the zodi-
acal light. At elongation ¢ = 104° the colour temperature
has been measured between 5 pm and 16.5 um from the
infrared satellite 1SO to be 261.5+1.5 K (Reach et d.
1996b). In this wavelength range, the spectrum of the zo-
diacal light closdly followed blackbody emission. See aso
the discussion of an infrared zodiacal light modelin sec-
tion S.5.

Table 15. Heliocentric gradient of physical properties of inter-
planctary dust (scattering propertiesare givenfora scattering

angle of 90°).

Value at 1 AU Gradient Range
(power law) (in AU)
Density 107 kg/m®  -093+0.07 11 -14
Temperature 260*10 K -0.36 + 0.03 1.1-1.4"
Albedo 0.08+0.02 -032 £ 005 11 -14
(from IRAS)
Polarisation 0.30+0.03 +05* 01 05-14

(0.5um, local)

8.3. Zodiacal light at 1 A U in the visual

First we give here the values for the zodiacal light at 500
nm (the possible minute difference to 502 nm, to which
the data of Levasseur-Regourd and Dumont (1980) refer,
is neglected). Brightnesses are expressed in SIO, units. At
500 nrn {AX = 10 nm) we have

1S10,= 1.28 .10-8 (Wm ™ 2sr~'p™}
or
1510 = 1.28 .10-9 [erg em™%s™ sr7 A7 4],

(18)

8.3.1. Pole of the ecliptic

The annually averaged brightress and degree of polarisa-
tion and the polarised intensity I,o¢ at the ecliptic poles at
500 nrn result as (Levasseur-Regourd and Dumont 1980,
Leinert et al. 1982)

Iz (B =90°) = 60 + 3510q

pzr(B = 90°) = 0.19 + 0.01 (19)

Iz (B = 90°)

11.3+: 0.3s10(3 .

For completeness we note that the polarized intensity ap-
pears to be very much agreed upon, while many of the
space experiments (Sparrow and Ney 1968, Sparrow and
Ney 1972, Levasseur and Blamont 1973, Frey et al.1974,
Weinberg and Hahn 1980) tend to find Iz lower by about
10 % and pzc correspondingly higher. But for uniformity
of reference within the zodiacal light map below we rec-
ommend use of the numbers given above.

8.3.2. Maps

Because of the approximate symmetry of the zodiacal
light with respect to the ecliptic (resp. symmetry plane)
and also with respect to the helioecliptic meridian (sun-
ecliptic poles-antisolar point) only one quarter of the celes-
tial sphere has to be shown. We present the groundbased
brightness map for 500 nm in three ways:



3° 0 5 10 5 20 25 30 45 60 75
A=
0 2450 1260 770 500 215 117 78
5 2300 1200 740 490 212 17 78
10 3700 1930 1070 675 460 206 116 T

8
15 9000 5300 2690 1450 870 590 410 196 114 78
20 5000 3500 1880 1100 710 495 355 185 110 77
25 3000 2210 1350 860 585 425 320 174 106 76
30 1940 1460 955 660 480 365 285 162 102 74
35 1290 990 710 530 400 310 250 151 98 73
40 925 735 545 415 325 264 220 140 94 72
45 710 570 435 345 278 228 195 130 91 70
60 395 345 275 228 190 163 143 105 81 67
75 264 248 210 177 153 134 118 91 73 64
90 202 196 176 151 130 115 103 81 67 62
105 166 164 154 133 117 104 93 75 64 60
120 147 145 138 120 108 98 88 70 60 58
135 140 139 130 115 105 95 86 7 60 57
150 140 139 129 116 107 99 91 75 62 56
165 153 150 140 129 118 110 102 81 64 56
180 180 166 152 139 127 116 105 82 65 56

Table 16. Zodiacal light brightness observed from the Earth (in S10p) at 500 nm. Towards the ecliptic pole, the brightness
as given above is 60 + 3 SIO,. The table is an update of the previous work by Levasseur-Regourd and Dumont (1980). The
values remain the same but for a dight relative increase, both for the region relatively close to the Sun, and for.. high ecliptic
latitudes. The previous tableis completed in the solar vicinity, up to 15° solar elongation. Intermediate values rnaybeobtained
by smooth interpolations, although small scale irregularities (e.g. cometary trails) cannot be taken into account.

3° 0 5 10 15 20 25 30 45 60 75
A=A

0 3140 1610 985 640 275 150 100

5 2940 1540 945 625 271 150 100

10 4740 2470 1370 865 590 264 148 100

15 11500 6780 3440 1860 1110 755 525 251 146 100
20 6400 4480 2410 1410 910 635 454 237 141 99
25 3840 2830 1730 1100 749 545 410 223 136 97
30 2480 1870 1220 845 615 467 365 207 131 95
35 1650 1270 910 680 510 397 320 193 125 93
40 1180 940 700 530 416 338 282 179 120 92
45 910 730 535 442 356 292 250 166 116 90
60 505 442 352 292 243 209 183 134 101 86
75 338 317 269 227 196 172 151 116 93 82
90 259 251 225 193 166 147 132 104 86 79
105 212 210 197 170 150 133 119 96 82 77
120 188 186 177 154 138 125 113 90 77 71
135 179 178 166 147 134 122 110 90 77 73
150 179 178 165 148 137 127 116 96 79 72
165 196 192 179 165 151 141 131 104 82 72
180 230 212 195 178 163 148 134 105 83 72

Table 17. zodiacal light brightness observed from the Earth (in S1 units). This table is identical to the previous one, but for
the unit: the values are given in 107 Wm™2sr~! pm™!, for a wavelength of 0.30 um. The multiplication factoris1.28x 10-S
Win~? s pm™! (see Table 2 in section 2). Towards the ecliptic pole, the brightnessas given above is 77 x1073W m™?
sr-' pum~' This table (adapted from Levasseur-Regourd1996) dtill needs to be multiplied by a corrective factor F., for use at
other wavelengths, in order to take into account the solar spectrum. This table has been added for direct use by those who are

not familiar with magnitude related units.
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reliability. From Dumont and Sanchéz1976.

1. Figure 37, taken from Dumont and Sanchéz (1976)
gives the original data in graphical form and allows
quick orientation.

2. Table 16, based on the results of Levasseur-Regourd
and Dumont (1980) contains a smoothed tabulation
of these (basically same) data in steps of 5° to 15° in
A—-As and 3.

3. Table 17 is identical to Table 16, except that the
brightness now is given in physica units.

The zodiacal light tables given here deviate somewhat
fromthe original earthbound data sets, which were limited
to elongation > 30°, because they were subject to addi-

*" indicates a line of lower

tional smoothing, and because they also give a smooth
connection to two measurements closer to the sun: the re-
sults obtained by Helios A/B (Leinert et a. 1982) and
those of a precursor rocket flight (Leinert et a. 1976)
for small elongations (¢ < 300). For interpolation, if the
smaller 3° spacing is needed, still the table in Levasseur-
Regourd and Dumont ( 1980) can be used. In addition,
Table 18 gives a map of zodiacal light polarisation, struc-
tured in the same way as Tables 16 and 17.

For these maps, the errors in polarisation are about 1%.
The errors in brightness are 10-15 SIO,for low values and
5% - 10 «for the higher bright nesses.



10

3° 0 5 10 15720 25 30 45 60 75
A=A

0 8§ 10 11 12 1619 20

) 9 10 11 12 16 19 20
10 11 11 12 13 14 17 19 20
15 13 13 13 13 13 14 13 17 19 20
20 4 14 14 15 15 15 1517 19 20
25 15 15 16 16 16 16 16 18 19 20
3 16 16 16 16 16 17 1718 19 20
3 1v 1717 17 17 17 1T 18 20 20
40 17 17 17 17 18 18 18 19 20 20
45 18 18 18 18 18 18 18 19 20 20
60 19 19 19 19 19 20 20 20 20 20
75 18 1818 18 18 19 19 19 19 19
9 16 16 16 16 16 16 17 18 18 19
1056 12 12 12 12 13 13 1415 17 19
120 8 8 9 9 9 10 11 13 15 18
135 5 55 6 6 7 8 11 14 17
150 2 2 2 3 3 4 5 8 12 16
16.5 -2 -2 -1-1 0 2 3 7 1116
180 O -2 3 -2 -1 0 2 6 11 16

Table 18. Zodiaca light polarization observed from the Earth (in

percent) The table provides the values for linear polarisation

(Levasseur-Regourd 1996). Circular polarisation of zodiacal light is negligible. Positive values correspond to a direction of
polarisation (E vector) perpendicular to the scattering plane (Sun-Earth-scattering particles), negative values correspond to «
a direction of the polarisation in the scattering plane. Towards the ecliptic pole, the degree of polarisation as given above is

19+ 1 percent. The negative values noticed in the Gegenschein

region correspond to a parallel component greater than the

perpendicular component, as expected for the scattering by irregular particles at small phase angles.

8.4. Wavelength dependence and colour with respect to the
sun

The wavelength dependence of the zodiacal light generaly
follows the solar spectrum from 0.2 pmto ~2um. How-
ever, detailed study shows a reddening of the zodiacal light
with respect to the sun. The therma emission longward
of 3 pm, as mentioned already in section 8.1, can be ap-
proximated by a diluted blackbody radiation, as discussed
in section 8.5. A recent determination of the temperature
of this radiation gives a value of 261.5 + 1.5 K (Reach et
al. 1996).

Figure 38 gives an impression of the spectral flux dis
tribution of the zodiacal light at elongation ¢ = 80 °in
the ecliptic. It emphasises the closeness to the solar spec-
trum from 0.2 um to 2 pm. Note that at wavelengths A <
200 nm the intensity levels expected for a solar-type zo-
diacal light spectrum are quite 10W, therefore difficult to
establish (see section 8.6).

8.4.1. Wavelength dependence - absolute level

This section gives information which alows us to estimate
the factor f,ss.

From the ultraviolet to near-infrared, if zodiacal light
brightness is given in S10; units and the zodiacal light

spectrum were solar-like, then we would have simply fass
= 10.

If the zodiacal light brightness again is expressed in
S10g units but its reddening is taken into account, we
gtill take fass = 1.0 and put the reddening into the colour
correction factor f., (see the following section).

If the zodiacal light brightness is given in physical
units, fabs gives the factor by which the absolute level of
brightness changes from A = 500 nrn to a given wave-
length. Because best defined observationally at an elonga
tion of ¢ = 900 in the ecliptic, the factors fass should be
used for that viewing direction. Table 19 aready implicitly
contains these factors, since it gives the wavelength de-
pendent brightnesses Iz (A)=1z.(500 nm) xf,,s, for the
90° points in the ecliptic. (Where appropriate, the factor
f., has also been included). For the infrared emission this
brightness is taken from the COBE measurements (see
section 8.5) and added here for completeness and easy
comparability.

8.4.2. Colour effects - elongation-dependent reddening

This section givesinformation which allows us to estimate
the factor f.,. This factor applies to the ultraviolet to near-
infrared part of the spectrum only.Since it deviates from
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Table 19. Zodiacal light a € == 90" in the ecliptic

10
X (wm}

Aum)  S10p Wm 2sr L pm™ T MJy/sr
0.2 2.5 1078
0.3 162 5.3 107
04 184 2.2 10-°
0.5 202 2.6. 107°
0.7 (Rs) 220 20 10-°
09 (1) 233 1.3 10-°
1.0 238 1.2 10-°
12 (J) 8.1 107 0.42
2.2 (K) 1.7 10- 0.28
35 (L) 52 10- 0.21
4.8 (M) 12 10~ 0.90
12 7.5 10- 36
25 3.2 107 67
60 1.8 10-s 22
100 3.2. 10° 10.5
140 6.9 10710 4.5

unity by less than 20 % from 350 nm to 800 nm, neglect-
ing it (i.e. assuming a strictly solar spectrum) may be
acceptable in many <applications. Otherwise onehasto go



throngh the somewhat clumsy colour correction detaile x|

below.

It is convenient to express the colour of zodiacal light
as a colour ratio which linearly measures the deviation of
zodiacal light from the the solar spectrum:

_ Lz s (M)
T Ize(A)/ ()

and which, for At < As, is related to the colour indices
(CI) by

Clzy - Clg = —2.51logC(Ar, A2)

C(A1, \2) (20)

(21)

We compile in Figure 39 measurements of the colour of the
zodiacal light with respect to the solar spectrum. There is
quite some disagreement in detail, but also a trend for a
general reddening which is stronger at small elongations
{e= 30 O). To be specific, we decide on the basis of Figure
39, on the following reddening relations (straight lines in
this log-linear presentation and giving particular weight
to the Helios measurements):

€<30°: foo = feo-30
— A
= 30°: —30 — 1. . -
€ feo-30 1.04+1.2 ><log(500nm
220nm <A <500nm

)

A
= + -
1.0+ 0.8 x log( S00mm

500nm < A < 2.5um

)

A
€ = 90°: feo-90 =1.04+ 0.9 x log(= ) (22)

500nm
220nm < A < 500nm

A
= 1.0+ 0.6 X log(-——2—
°8(500mm’

500nm < A <2.5um
fco = fco——90

Here, f., = 1.0 corresponds to solar colour, while a redden-
ing results in f;, < 1.0 for A < 500 nm and in f,, > 1.0
for A >500 nm.

For intermediate values of e,f., can be interpolated. The
curves for the assumed colour in Figure 39 are made to
closely fit the Helios data, where the UBV (363 nm, 425
nm, 529 nm) colours (Leinert et al. 1982), again expressed
as colour ratios, were

€>90°:

Y = 114~ 55 .10-4 -€(°) (23)
Ip

1—8 = 1.11 — 5.0'10_4'6(0)

Iy

Obviously the colour ratio factor f., cannot be very accu-
rate in the ultraviolet (where measurements don’'t agree
to well) nor beyond 1 um (where partly extrapolation is
involved). The situation for A< 220 nm in the ultravi-
olet and for the emission part of the zodiacal light are
described below in separate sections.

12

8.4.3. Wavelength dependence of polarisation

The availaible zodiacal light polarisation measiurements be-
tween 0.25 pm and 3.5 pm fall in two groups (Figure
40): Most observations in the visua can be represented
within their errors by a polarisation constant over this
wavelength range. Two quite reliable measurements, on
the other hand (by Helios in the visible and by COBE
in the near-infrared), show a definite decrease of observed
degrée of polarisation with wavelength.

In the limited wavelength range from 0.45 um to 0.80
pm it is gill an acceptable approximation to assume the
polarisation of the zodiacal light as independent of wave-
length. But overall, the wavelength dependence of polar-
isation summarised in Figure 40 has to be taken into ac-
count. For an elongation of 90°, to which most of the data
in Figure 40 refer, it can be reasonably represented by the
relation (solid line in the Figure)
p(A) = 017 + 0.10. log(A/0.5um)], (24)
i.e. by a'decrease of = 3% per factor of two in wavelength.
With p(0.5 pm) = 0.17, this can also be written in the
form

p(A) = p(0.5um){1 + 0.59 log(A/0.5um)], (25)
which may be applied tentatively also to other viewing
directions.

At longer wavelengths, with the transition region oc-
curing between =2.5um and 5 pm, the zodiacal light is
dominated by therma emission and therefore unpolarised.
At shorter wavelengths the zodiacal light brightness is
very low, and the polarisation is not known (athough it
may be similar to what we see in the visual spectral range).

Maps of the zodiacal light polarisation at present are
available with large spatial coverage for the visual spec-
tral range only. For other wavelength ranges, it is a first
approximation to use the same gspatia distribution.

8.5. Zodiacal light in the thermal infrared

Extensive space-based measurements, of the diffuse in-
frared sky brightness in the infrared have become avail-
able over the past 13 years (eg., Neugebauer et al. 1984
(IRAS); see Beichman 1987 for a review of IRAS re-
sults; Murdock and Price 1985 (ZIP); Boggess et a. 1992
(COBE); Murakami et al. 1996 (IRTS); Kessler et al. 1996
(1S0)). In general, some form of modeling is required
to separate the scattered or thermally emitted zodiacal
light from other contributions to the measured brightness,
though at some wavelengths and in some directions the zo-
diacal light is dominant. Because the COBE/DIRBE mea-
surements have the most extensive combination of sky,
temporal) and wavelength coverage in the infrared, and
have been carefully modeled to extract the zodiacal light
signal (Reach et al. 1996a;: CO BE/ DIRBE Explanatory
Supplement), we largely rely on these results.
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shows the approximation (24) to the wavelength dependence of p.

The spectral energy distribution of the zodiacal light
indicates that the contributions from scattered and ther-
mally emitted radiation from interplanetary dust are
about equal near 3.5 um(Spiesman et a 1995; Matsumoto
et a 1996), where the interplanetary dust (IPD) contri-
bution to the infrared sky brightness is at a local mini-
mum. This turnover is most clearly seen in the data of
the near-infrared spectrometer onboard the satellite IRTS
(Matsumoto et a. 1996, see Figure 41). Observations in
the range 3-5 pm are expected to be neither purely scat-
tering not purely thermal. The thermal spectrum peaks
near 12 pm, and the observed spectral shape for A < 100
pm approximates that of a blackbody (for a power law
emissivity proportional to v—n, spectral index n= O) with
a temperature in the range 250 - 290 K (Murdock and
Price 1985, Hauser et al. 1984, Spiesrnan et a. 1995), de-
pending in part on the direction of observation. As already
mentioned, recent results from 1S0 (Reach et a 1996b)
fit the 5 - 16.5 um wavelength range with a blackbody
of T = 261.5 + 1.5 K. Using COB E/ DIRBE data, Reach
et a. (1996a) find a slow roll-off of the emissivity in the
far-infrared (spectral index n = 0.5 for A > 100 pm).

Except near the Galactic plane, the signal due to
interplanetary dust dominates the observed diffuse sky
brightness at all infrared wavelengths shortward of =
100 pm. This is illustrated in Figure 42, which presents
COBE/DIRBE observations (0.7 deg resolution) of a strip
of sky at elongation 90 deg in 10 photometric bands rang-
ing from 1pum - 240 pm. The estimated contribution from
zodiacal light (based upon the DIRBE model, see below) is

10* —
r 12.5<B<20, 40<b<a’S 1
3 b,
=
g
'.“A ***
< o7 L 713<B<73, d0<bcas |
*h H ]
| 2 3 4

Wavelength (um)

Fig. 41. Near-infrared spectra of the sky brightness measured
with the satellite IRTS at low and at high ecliptic latitudes
8. The solid line gives a solar spectrum, normalised to the
measurements a low 3 at 1.83 pm. From Matsumoto et al.

(1996).

also shown at each wavelength in Figure 42. Even in the
far infrared, the contribution from zodiacal light is not
necessarily negligiblee Reach et a (1996a) estimated the
fraction of total sky brightness due to zodiacal light at the
NGP as roughly 25% at 240 ym. Examination of Figure
42 shows that, although the signal due to interplanetary
dust peaks near the ecliptic plane at all wavelengths, the



de tailed shape of the signal is wavelenigth-de pe ndent. An
anal vtic empirical relation for the brightness in the ther-
malinfrared at 90° elongation (based upon IRAS data)
has been described by Vrtilek and Hauser (1993). As al-
ready mentioned, the brightness distribution in visual can
serve as a first approximation to the brightness distribu-
tion in the thermal infrared, if the respective infrared data
are not available.

Although the shape of the underlying zodiacal 'lower
envelope is clearly visible in the data of Figure 42, the
determination of the absolute zero-level of the zodiacal
light in the infrared is difficult. In addition to absolute
calibration uncertainties in the sky brightness measure-
ments themselves, contributions from Galactic sources and
possibly extragalactic background make this a challenging
problem.

A summary of severa techniques which have been used
to isolate the zodiacal light from other sky signals is docu-
mented by Hauser (1988): many involve filtering the data
in either the angular or angular frequency domain, leav-
ing the absolute signal level uncertain. Others accomplish
removal of the Galactic component via models, e.g. by
using the statistical discrete source model of Wainscoat
et a (1992), or by use of correlations with measurements
at other wavelengths (e.g., HI; Boulanger and Perrault
1988). We choose here to quote zodiacal light levels as de-
rived from the DIRBE zodiacal light model, which is based
upon a pararneterized physical model of the interplane-
tary dust cloud similar to that used for IRAS {Wheelock
et al. 1994, Appendix G). Rather than determining the
model parameters by fitting the observed sky brightness,
the DIRBE model was derived from a fit to the seasonally-
varying component of the brightness in the DIRBE data,
since that is a unique signature of the part of the measured
brightness arising in the interplanetary dust cloud (Reach
et al. 1996a). The model explicitly includes several spatial
components (see Section 8.8): a large-scale smooth cloud,
the dust bands attributed to asteroidal collisions, and the
resonantly-trapped dust ring near 1 A.U. Zodiacal light
levels given here are estimated to be accurate to ~10%
for wavelengths of 25 pm and shortward, and ~20% for
longer wavelengths. Note that for all DIRBE spectra in-
tensities presented here, the standard DIRBE (and IRAS)
convention is used: the calibration is done for a spectrum
with vI, = constant, which means in particular that the
effective bandwidth of each DIRBE wavelength band is
calculated assuming a source spectrum with this shape.
In general, arid for accurate work, the acolour c -
tion based upon the actual source spectral shape must be
applied (see DIRBE Explanatory Supplement for details).

Figure 43 presents contours of ‘average’ zodiacal light
isophotes in geocentric ecliptic coordinates for one quar-
ter of the sky (other quadrants are given by symmetry), as
computed from the DIRBE model Although this average
serves as a guideline for the contribution of zodiacal light
to the night sky brightness at infrared wavelengths, a no

point in time will an Earth-based observer see azodiacal
light foreground exactly resembling these contours. The
detailed DIRBE measurcments indicate that the individ-
ual spatial components of the interplanetary dust cloud
possess their own geometry, their own ‘symmetry plane’
and their own temporal variation pattern.

Figure 44 illustrates, again on the basis of the COBE
zodiacal light model, the variation in isophotes a 25 pm at
four different times during the year, corresponding roughly
to the times when the Earth is in the approximate symme-
try plane of the main dust cloud [days 89336 and 90162]
and when it is 90° further along its orbit {days 90060 and
90250].

Detailed quantitative maps of the DIRBE measure-
ments and zodiacal light model are available from
the NASA National Space Science Data Center in
the DIRBE Sky and Zodiacal Atlas(DSZA). The
COBE/DIRBE Explanatory Supplement and informa-
ion on how to access the COBE/DIRBE data prod-
ucts are available through the COBE Home Page at
http:: //www.gsfc.nasa. gov/astro/cobe/cobe_home. htm}
on the World Wide Web.



DIRBF 1.25 pum

Q ‘JF T R Q80ET — _"‘[
Lok 050F
o6 I
N Lowf i
i i f
X 04 > 030F
Ay N v 2 J
& )
g [ £ 020f
02t =
[ 0108
ool R - 000 N
50 0 -50 [+] 80
ECLI PTI C wnrung ECLIPTIC LATITUDE
DIRBE 3.5 um DIRBE 4.9 um
060 v T 1 ZE v v
0sof v i - rof- ]
i F
£ 0wk E £ oaf ]
3 LS
r 030E | E I3 .
@ 3 L
»Z— 0.20 J u = Z -
010F 7/\<7 oz
ooo L — S - ook __ s
-53 0 50 -50 o s0
ECUPTIC LATITUOE ECUPTIC LATTUDE
DIRBE 12 um DIRBE 25 um
40 T v 80 —
s s °F
3 LR
= 3 b
?_—: r 4o
7 sz
£ £
z z [
T 20 =
ol . 1
[ -0 0 50
ECUPTIC LATITUDE ECUPTIC LATITUDE
OIRBE 60 um DIRBE 100 um
3¢ E" T B M v B
£ 3 e 3
3E 3 j2b 3
Laf 1 &
3 ] 3
£ sk e ¥z
0t ] 2
g rop B g
sSE— R
O — — — - . - — . _ — ]
-50 0 50 0
ECUPTIC LATITUDE ECLIPTIC LATITUOE
CIR8E 140 pm DIRBE 240 um
10 L_"7 10 v
L \ 1
er * - 8k b
s L s f
St X b
3 s - 3 s ) J
ot 1 [ 4
z 4 B Z 4 Vw 3
: * PRy g
of . 2 MW N
[ 4 [ ]
of T Py — i —
-50 0 50 -50 50

0
ECUPTIC LATITUDE ECLPTIC LATITLDE

Fig. 42. Example of total IR sky brightness 4measuredb_v the COBE/DIRBE instrument and brightness contributed by zodiacal
light at 10 infrared wavelengths. At each wavelength, the upper curve shows the sky brightness measured by DIRBE on 1990
Junl9 at solar elongation 90°, ecliptic longitude 179°, as a function of geocentric ecliptic latitude. Because of low, signal-to-noise
ratio at the longest wavelengths, the 1404m and 240pm data have been averaged and smoothed. The lower curve in each plot is
the zodiacal light brightness for this epoch obtained from the DIRBE zodiacal light model. DIRBE is a broad-band photometer:
flux densities are givenin MJy/sratthe nominal wavelengths of the DIRBE bands, assuming an input energy distribution of

the form vI, = constant.
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8.6. Zodiacal light in the ultraviolet (A< 300 nm) (variation, galactic component, instrumental effects), his
results shortward of A =220 nm no longer are accepted as
originally given. In view of the obvious discrepancies we

The difficulty with this wavelength range is that here the i
suggest to accept the following:

zodiacal light contribution appears only as a smal frac-
tion of the observed background. Available measurements
therefore have large error bars or only give upper limits. [,, (\) = negligible, < 1 10-s Wm ™ 2sr~!um™
In addition there is a sharp drop of solar irradiance be- (for A < 160nm)

low 220 nm, by three orders of magnitude until 150 nm. I[N Aoy 3 .

This can be seen in Figure 45 which summarises avail- 7,, (,\) 32 = Ad )+ }(6*0 ) 1/2 (26)
able results. The scatter between the observations is very 1(%0.,0")
large. Whatever the reason for Lillie’s ( 1972) high values Wm™2sr~ m ™

1
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Pitz et al.
(1988). Adapted from Maucherat-Joubert et al. (1979).

(for 160nm < A < 220nm)

Iz (X\)= of solar spectrum, with reddening
as given in section 8.4.2 above
(for 220nm <A < 300nm)-

Here, I(A - A®, 8) refers to the map of the zodiacal light
at 500 nrn given above in Table 16.

Murthy et al. (1990) from their Space Shuttle experi-
ment found that the colour of the zodiacal light gets bluer
with increasing ecliptic latitude between 165nm and 310
nm. This would mean, that the zodiacal light is less flat-
tened and more symmetricaly distributed around the sun
at these wavelengths, as also found from 0.40-2 (Lillie
1972). This is an important result which should system-
atically be confirmed. In equation 26 we take such an ef-
fect qualitatively intoraccount and approximate it by halv-
ing the out-of ecliptic decrease with respect to the visible
wavelengths (this is what the lengthy fraction does).

At 220 nm there are nOw two expressions for the bright-
ness of zodiacal light in Equ. 26, with different out-of eclip -

(1979) and a reanalysis by Maucherat-Joubertet al. (1979), Maucherat-Joubert € a. (ELZ, 1979), Tennyson et a.

tic decrease of brightness. They agree at an intermediate
latitude (resp. inclination) of 30° - 45°. The discontinu-
ity at the other ecliptic latitudes is accepted, given the
large uncertainties of the determination of zodiacal light
brightness at these wavelengths.

8.7. Seasonal variations

The effects to be discussed in this section have been sum-
marised as factor fsp in equation 14 above.

Seasonal variations of zodiacal light brightness occur
for an observer moving with the earth, on the level of =
10%. They result from the orbital motion of the earth
through the interplanetary dust cloud, which changes the
heliocentric distance (by 2e = 3.3%) and the position of
the observer with respect to the symmetry plane of the in-
terplanetary dust distribution (see Figure 46). (The sym-
metry plzm(‘. is a useful concept for describing the inter-
planetary dust distribution, although in detail it
simplified: the symmetry properties appear to change with

is too



hehocentrie distance, see Table 20). The change in helio-
centric distanc e of the observer translates into a brightness
increase of abont 8% from aphelion in July to perihelion in
January. Otherwise, the effectsare difFerent for high and
for low ecliptic latitudes. Since the effects are very similar
in the visual spectral range and in the infrared, examples
from both wavelength ranges will be used to show the ef-

fects.

Helios 1

Helios 2

Fig. 46. Geometry of the earth orbit and the symmetry plane
of interplanetary dust (with ascending node ! and inclination
). Numbers give the position of the earth at the beginning of
the respective month. Also shown are the orbits of the Helios
spaceprobes and the direction to the vernal equinox.

8.7.1. High ecliptic latitudes

At high ecliptic latitudes, the main effect is a yearly si-
nusoidal variation of the brightness with an amplitude of
2+ 10%. This is due to the motion of the earth south and
north of the midplane of dust depending on its orbital po-
sition. The extrema occur when the earth (the observer)
is at maximum elevation above or below the symmetry
plane, while the average value is obtained when crossing
the nodes. The effect is clearly visible in the broadband op-
tica Helios measurements in the inner solar system (Fig.
47), in the D2A satellite observations at 653 nrn along the
earth’s orbit (Fig. 48) and in the COBE infrared measure-
ments (Fig. 49). Of these, the Helios measurements have
been corrected for the changing heliocentric distance of
the instrument, while in the other data the modulation
still contains the ~ 8% effect due to the eccentricity of
the earth’s orbit. The effect of the tilted symmetry plane
gradually decreases towards low ecliptic latitudes to <1%.
The brightness changes in low ecliptic latitude observa-
tions from the earth or from earthbound satellites then
arc dominated by the effect of changing heliocentric dis-
tance.
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soidal fit to the data. These observations refer to the inner
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Fig. 48. Yearly variation of zodiacal light brightness at the
north ecliptic pole and at + 45° ecliptic latitude, observed at
653 nm by the satellite D2A. The dashed line is a prediction
for a plane of symmetry coinciding with the invariable plane
of the solar system (i = 1.6°, @ = 1070), including the effect
of changing heliocentric distance. Adapted from Levasseur and
Blamont 1975.

S.7.2. Low ecliptic latitudes

At low ecliptic latitudes, the motion of the earth with re-
spect to the symmetry plane of interplanetary dust mainly
leads to a sinusoidal variation in the ecliptic latitude of the
peakbrightness of the zodiacal light by a few degrees. Fig.
50 shows this variation as observed at 25 pm from COBE.
In these measurements, the remaining yearly peak flux
variation of 5-10% is amost exclusively due to the change
i heliocentric distance. Misconi ( 1977) has used an ap-
proximate method to predict the expected position of the
brightness maxima in the visible zodiacal light for elon-
gations of e = 2° - 1SO°(typically, the positions vary by
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Fig. 49. Yearly brightness variations in the zodiacal light at
the ecliptic poles, observed a 25 pm by the DIRBE experiment
on infrared satellite COBE. The variation is dominated by the
effect of the tilt of the symmetry plane but also includes the
variation due to the changing heliocentric distance of the earth.
From Dermott et al. 1996b.

a couple or afew degrees, at elongations > 150° the ap-
proximation he uses gets unreliable).

8.7.3. Plane of symmetry of interplanetary dust

Table 20. Plane of symmetry of interplanetary dust

Range (AU) & (%) i(°) Ref. Remarks
0.3 -1.0 87+4 3. 003 1 optical
~1.0 9615 1.51+0.4 2 optical
79+3 1.740.2 3 infrared
at poles
~1.3 55+4 1.440.1 4 infrared
in ecliptic
~3 ~96 ~1.1 5 asteroidal
bands

References: 1) Leinert et a. 1980b 2) Durnont and Levasseur-
Regourd 1978 ¥ Reach1991 4) Hauser 1988 5) Sykes 1985

The seasonal variations discussed above have repeat-
edly been used to determine the plane of symmetry of
interplanetary dust. This midplane of the interplanetary
dust distribution appears to vary with heliocentric dis-
tance, as summarised in Table 20, compiled from Reach
(1991). For comparison, we give here aso inclinations and
ascending nodes for Venus, Marsand the invariable plane
of the solar system (i = 347, 0 =76°,¢{ = 1.8°, N = 49°,
i=1.6.Q = 1070).
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Fig. 51. Scans through the ecliptic at ecliptic longitude A =
1° on June 24, 1983. The approximate galactic coordinates for
the point at +30° ecliptic latitude are given. The curves are
labelled by the wavelength of measurement in pm. A rough cal-
ibration is given by the bar a upper left, the length of which
corresponds to 12,30, 10 and 6 MJy/sr in the wavelength bands
from 12 pm to 100 pm. The dashed curve illustrates how a com-
pletely smooth zodiacal light distribution might have looked.
The arrows indicate the positions of the asteroidal bands. The
100 pm profile is strongly distorted by thermal emission fromn
interstellar dust (“cirrus’). Adapted from Low et al. 1984.

8.8. Structures in the zodiacal light

Notwithstanding the variety of sources contributing to the
interplanetary dust population, the zodiacal light in gen-
eral is quite smooth, and it was found to be stable to =1%
over more than a decade (Leinert and Pitz 1989). However,
there are fine structures on the brightness level of a few
percent, most of which have been detected by the IRAS
infrared sky survey: asteroidal bands, cometary trails, and
a resonant dust ring just outside the Earth’s orbit. They
are included here because of their physical importance;
they also represent upper limits in brightness to any other
structures which still might be hidden in the general zodi-
acal light distribution. The rrns brightness fluctuations of
the zodiacal light a 25 pm have been found by observa-
tions from the satellite 1S0 in a few haf-degree fields to
be at most +0.2% (Abrdham et al. 1997).

Asteroidal bands

They were seen in the IRAS infrared scans across the eclip-
tic as bumps inthe profile near ecliptic latitude O3 = 0°

1‘»E‘rrr[rrrﬁ[rrrx[rru[rrrr[rlrl;rln—r_
C P e Mg e ) n
10— . MRS SO YIRS
R “ ik "*A’H‘ 7
g = TN N t ¢ ..’\\”j:"‘ ! pl
3 E : ]
a b ]
je] —
w O ]
— N
v ]
sl - -
U o
5 o
) -1
3 -~
o [ ]
- 54— —
- F -
_1c_~ ey . —
»-,."_, ‘, ~,N,
gt b a et v by g Ll

100 150 200 250 350

ecliptic longitude

50 300

Fig. 52. Observed ecliptic latitude of the peak brightness of
the asteroidal bands as function of the ecliptic longitude of the
viewing direction (basically as function of the orbitad motion of
the earth). The expected sinusoidal variation is evident but dis-
torted, since the elongation of the viewing direction was mod-
ulated on an approximately monthly timescale, and because
observations both east and west of the sun were contained in
the data set. Taken from Reach (1992).

and as shoulders at F~10° (Low et a. 1984, see Figure
51). The bands near the ecliptic plane have been called
a ancl 3 (counted from ecliptic latitude 8=0° outwards),
the ones around #5=10° have been caled ~ bands. Their
peak brightness isi% - 3% of the in-ecliptic zodiacal light
brightness, their width at half maximum =~ 2-3° (Reach
1992, but the detailed values depend on the method ac-
tually used to fit the bumps, in this case by Gaussian).
They are thought to be the result of major collisions in the
asteroid belt, in the Themis and Koronis families for the
« and B bands, in the Eos family for the higher latitude
« bands (Derrnott et al. 1984). The collisional debris then
is expected to be mainly distributed along the walls of
widely opened, dightly tilted, sun-centered cones. There-
fore the ecliptic latitudes at which these bands occur vary
both with the annual motion of the observer (the earth in
most cases) and, at a given elate, with the elongation from
the sun. Formulae to predict the position of the maximum
with help of a ssimplified geometricall model are given by
Reach (1 1992). Figure 52, resulting from an analysis of the
IRAS data, gives a good impression of the resulting yearly
sinusoidal latitude variation. Table 21 (taken again from
Reach 1992) summarises the average observed properties
of the asteroidal dust bands in the case Gaussian fitting
is used to measure the bumps in the general distribution
of zodiacal light. ‘1"here must be in addition an underlying
(Distribution of asteroidal debris particles of about 10% of
the zodiacal light brightness, which cannot be seen sep-



Table 22. Photometry of cometary trails

(2%

Comet R(AU) A(AU) A0(")Y  F,(12 pm) F,(23pm)  F,(60 pm)  F, (100 m)
(MJy/sr) (MJy/sr) (MJyv/sr) (MJy/sr)
Encke 3.926  3.779 52.8 0.07£0.01  0.06£0.01 B
Gunn 2681  2.473 0.82 0.2240.06  0.97£0.08  0.55+0.03 -
Kopft 1577 0.953 0.53 1.04*0.14 1.19*0,20
S-W1 6.287  6.281 0.9 - 0.11£0.02  0.15+£0.02  0.10+0.02
Tempel 2 1.460 1.149 0.37 2.4440.09  3.93+0.14  1.54+0.035 -

a) A@(°) isangular distance behind comet in Mean anomaly

Table 21. Properties of dust bands from Gaussian fits

Band 12 pm 25 pm 60 pm

Peak surface brightness (MJysr!)

~ northern 0.4+0.2 1.1+0.5 0.8*0.4
cr, 8 northern  1.1*0.5 3.0+1.0 1.5+£0.5
a, 8 southern  1.4%0.3 2.9+1.2 1.6*0.6
~ southern 0.6+0.3 0.8+03 0.7£04
Average geocentric latitude of peak (°)
~ northern 9.740.1 9.6+0.1 9.640.2
a, 3 northern  1.440.1 1.440.1 1.440.1
a, 3 southern -1.4+0.1 -144+0.1 -14* 0.1
~ southern -9.74+0.1 -9.6+01 -9.6+01

Full width at half maximum brightness (°)

~ northern 3.3*1.3 3.7+1.1 3.2415
a, northern  3.3%+1.1 3.3+1.2 3.24+1.2
o, 3 southern  3.7+1.3 3.3£1.2 3.4%1.4
~ southern 2.8+1.1 3.1£0.8 3.0+1.4

arately from the general zodiacal light. Note that Sykes
(1988) resolved the aand 8bands also into bahd pairs,
with a FWHM of =~ 0.5° for each of the components. The
clam for eight additional, though weaker bands between
B =-22° and B = +21° (Sykes 1988) should be taken with
reservation and can be neglected here.

Cometary trails

These trails have been seen in the IRAS infrared sky
survey stretching along the orbit of a few periodic
comets, which were in the perihelion part of their or-
bit (Sykes et al.1986). These were the comets Tempel 2,
Encke, Kopff, Tempel 1, Gunn, Schwassrnann-Wachmanrr
1, Churyumov-Gerasimenko and Pens- Winnecke, but also
nine faint orphan trails without associated comet were
found (Sykes and Walker 1992). The trails typically ex-
tend 10° behind and 1° ahead of the comet, their bright-
ness decreasing with increasing distance from the comet.
They are thought to consist of roughly mm-sized particles

gjected from the comet during times of activity over many
years (Sykes et al. 1990). The trails are bright enough to
be seen above the zodiacal light only when the comets
arc near perihelion and the dust in the trails is warm.
The width of the trails is about one arcminute, for comet
Tempel 2 it has been determined to 45"+2" (=30000 km).
Trail brightnesses are of the order of 1% of the zodiacal
light brightness near the ecliptic. Examples are given in
Table 22, taken in shortened form from Sykes and Walker
(1992). Other periodic comets in the perihelion part of
their orbit are expected to behave similarly. A new ob-
servation of the cornet Kopff trail from 15O (Davies et al.
1997)has shown chnages in the trail since the observations
by IRAS, and measured a trail width of ~ 50".

The somewhat related brightness enhancements along
some meteor streams, seen in the visible from the satel-
lite D2A-Tournesol, have not been confirmed, neither by
the photometric experiment on the Helios space probes
(Richter et al. 1982) nor from IRAS. They probably are
fainter than originally thought and certainly of lower sur-
face brightness in the infrared than cometary trails or as-
teroidal bands.

The resonant dust ring outside the Earth’s orbit

A leading/trailing asymmetry, with the zodiacal light at
elongation 90° being brighter in the trailing (antapex) di-
rection, has been found in the IRAS observations (Der-
mott et al. 1988, 1994) and has been confirmed by mea
surements of the DIRBE experiment on board the COBE
spacecraft (Reach et a. 1995 b). From the COBE measure-
ments, the excess in the trailing direction in January 1990
was 0.05:£0.01 MJy/sr or 4.841.0% at 4.9 um,1.1+0.2
MJy/sr or 2.840.5% at 12 wm and 1.740.1 MJy/sr or
2.4+40.15%at 25 um. The region of enhanced brightness
in the trailing direction is at =~90° from the sun, extend-
ing 30° (FWHAM) in latitude and 15° (FWHM) in longi-
tude (see Figure 53, taken from Reach et al. 1995). In the
leading direction there is a smaller enhancement around
elongation SO°.

These are quite extended structures (see Figure 53).
They are explained by resonant interaction of the orbit-
ing earth with interplanetary particles drifting closer to
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Fig. 54. Decrease of infrared zodiacal light brightness when moving out of the ecliptic plane. Left: for a viewing direction

paralel to the ecliptic plane at elongation ¢ =

90°. Right: for a viewing direction towards the ecliptic pole. The caculations

have been done for a position of the observer in the ecliptic (Zo = O AU) and heights above of the ecliptic of 0.5 AU and 1.0
AU, as indicated in the figure. Ro is the heliocentric distance of the observer, projected into the ecliptic plane. The solid and

broken lines give the predicted run of brightness with heliocentric distance for a wavelength of 25 pm and 12 pm,
rey emission of the interplanetary particles, and radia decreases of spat ial density ~r

The calculations have assumed

respectively.
-1.4 and

of particle temperature ~r—0 *¢(W.Reach, e cOMMmunication).

the sun under the action of the Poynting-Robertson ef-
fect. This interaction leads to an inhomogeneous torus of
enhanced dust density just outside the earth’s orbit, with
the earth sitting in a gap of this torus and the largest
enhancement following it at a few tenths of an AU. The
resonant ring structure therefore is expected to be a per-
sistent feature of the zodiacal light.

8.9. The zodiacal light seen from other places

8.9.1

Inside the solar system

The decrease of zodiacal light brightness seen in a given
viewing direction, occuring when the observer moves to
larger heliocentric distances, has been measured along the
ecliptic in the visual out to 3 AU (Pioneer 10, Toiler and
Weinberg 1985) and can be reasonably predicted also for
the infrared. The change to be expected when moving out
of the ecliptic plane is less well known, but can be pre-
dicted from models fitting the out-of-ecliptic observations
obtained from in-ecliptic positions at earth orbit.

For the infrared, Figure 54 shows the predicted bright-
nesses in viewing directions paralel to the ecliptic and to-
wards the ecliptic pole for an observer moving from 1 AU
to 3 AU in planes of different height above the ecliptic.
The outward decrease is stronger for 12 pm than for 25
pm. This is because the therma emission of interplane-
tary dust is close to black-body radiation, and for black-
body radiation with decreasing temperature the shorter

wavelengths first enter into the exponential decrease of
the Wien part of the emission curve.

For the visual, Figure 55 shows the corresponding de-
crease for the visual zodiacal light brightness when the
observer moves from 1 AU to 3 AU in planes of different
height above the ecliptic. Only one curve is shown, since
any colour dependence is expected to be small.

The careful reader will note that the visual in-ecliptic
brightness decreases a little slower with increasing dis-
tance than given in section 8.2. This is because Giese
(1979) used a slightly different heliocentric radial bright-
ness gradient, I(R) ~ R™. The decrease as function of
height above the ecliptic 2,is typical for the models of
three-dimensional dust distribution being discussed to ex-
plain the distribution of zodiacal light brightness {Giese
et al. 1986). Since the three-dimensional dust distribution
is not very well known, the decreases shown in Figures 54
and 55 cannot be very accurate either.

8.9.2. Surface brightness seen from outside the solar sys-
tem

Since the interplanetary dust cloud is optically very thin,
the pole-on surface brightness a 1 AU is just twice the
polar surface brightness observed from the earth, and the
edge-on surface brightness just twice the brightness ob-
served at elongation 90° in the ecliptic. The same type of
relations hold for other heliocentric distances.

The brightness in an annulus extending over a range of
heliocentric distances has to be obtained by integration.
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Fig. 53. Distribution of excess zodiacal light brightness due
to the resonant dust ring outside the earth’s orbit according to
COBE measurements (Reach et af. 1995 b). In this presenta-
tion, the position of the sun is at the center, the ecliptic runs
horizontally through it, the ecliptic north pole is at top, the
black central circle is the region inaccessible to COBE within
60° elongation from the sun, and the two bright spots at 90°
from the sun on the ecliptic are at left the trailing (antapex) en-
hancement due to this dust ring, with a peak brightness of 1.7
MJy/sr a 25 um, and at right the corresponding but weaker
enhancement in leading (apex) direction. The S-shaped bright
strip crossing the image is due to the Milky Way.

The total brightness as seen from outside very much de-
pends on the distribution of interplanetary dust near the
sun, and therefore is strongly model dependent. E.g., at
least in the optical wavelength range an annulus of width
dr [AU] has a brightness ~r~!3dr over alarge region of

the inner solar system, making the integrated brightness
contribution strongly peaked towards the solar corona. In
discussions of future planet-searching spacecraft (called
DARWIN (Léger et a. 1996) and Terrestrial Planet Finder
(Angedl and Woolf 1997)) a value of integrated zodiacal
light brightness at 10 pm, when seen from a distance of
10 pc, of 70 pJy, 300 to 400 times brighter than the Earth,
is assumed (3.5 .10-5 of the solar brightness).



9. Coronal brightness and polarisation

2.1, Overview

The brightness of the corona surrounding the solar disk
is composed of three main components: i) Thomson-
scattered light from free electrons in the solar environment
(K-corona) which is highly variable in space and time, ii)
emission from coronal ions, especialy in highly ionised
states, and iii) contributions due to interplanetary dust
(F-corona): solar radiation scattered on the dust parti-
cles in the visual, as well as thermal emission of these
dust particles in the near and middle infrared regime. The
F-corona dominates the visible coronal brightness from
about 3 Ry distance from the center of the Sun outward
and has an increasing contribution to the total coronal
brightness at longer wavelengths.

For measurements in the corona, the elongation ¢ is of-
ten expressed in units of Rg, i.e. in terms of the minimum
projected distance r of the line of sight from the center of
the Sun. Because the solar radius is Rg = 1 AU/214.94
(Allen 1985), 1° in elongation corresponds to 3.75 Rg
(and 1R to 16.0’), while more generally for an observer
at the earth

1R
1AU

As mentioned in section 2, coronal brightnesses often
are expressed in terms of the average brightness of the
‘solar disk as B/Bg, where 1B/Bg = 2.22" 101%100 =
1.47.10°F g /sr.

sine = r[Rp)] - (27)

9.2. K-corona separation

The main uncertainty in determination of the inner F-
corona is the separation from the K-corona brightness. A
common method of separation is based on the assumption
that the F-coronal brightness is produced by diffraction
of dust near the observer and hence unpolarized. This ap-
proach may be suitable for distances, respectively elon-
gations of < 5 Rg, the increasing polarization of the F-
corona at larger elongations ( Blackwell et al. 1967) how-
ever leads to errors of this subtraction method. A further
method of K-coronal separation uses the depth of Fraun-
hoferlines in the Solar spectrum. Both methods are de-
scribed in Blackwell et al. (1967).

9.3. Atmospheric and instrumental stray light

Ground-based coronal observations generally are made
during solar eclipses, with the local sky brightness con-
stituting the main disturbance to be corrected for. The
eclipse sky background on the ground may vary con-

siderably with daily conditions as well as eclipse site.

Anearly work by Blackwell et a. ( 1967) cites values of
(1.9 - 19)10-10 B4 for the eclipse sky background in
the visible light, i.e. a wavelengths from 500 to 830 nm.
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Fig. 56. The visible equatorial and polar F-corona bright-
nesses iN comparison to typical vaiues for K corona, the aure-
ole (circumsolar sky brightness enhancement) and instrumen-
tal straylight levels. At 150, the brightnesses measured in the
zodiacal light (see sect ion 8) are included.

For 2.12 pm, MacQueen and Greeley report a value of
101°Bg, during the 1991 eclipse sky from Hawaii. How-
ever, these measurements suffered from thin clouds and
the presence of high dtitude aerosols from the Pinatubo
eruption. The enhanced circumsolar sky brightness caused
by diffraction on aerosols is called solar aureole. It may
vary with elongation, and may be described as a func-
tion A(r). Diirst (1982) derives values of about 107! to
10°Bg and a radial gradient according to r=!-37 at 600
nm wavelength. Infrared results differ at the 1991 eclipse,
but MacQueen and Greeley (1995) find a description A({r)
~ 17184 for the region from 3 to 9 Ry and a constant
value of 2. 10°Wem™2 um~!sc~! (i.e. 10° Bg) be-
yond for the infrared aureole during the 1991 eclipse. In-
strumental straylight for externally occulted systems on
satellites presently achieve stray light levels in the 1010
to 10'?B.; range and hence enable coronal observations
out to at least 30 Rz (Bruckner et al. 1995).



The values of polarization in the eclipse sky back-
ground range from 7.5% to 3070 for ground based obser-
vations.

9.4. Visual brightness

Observations of the F-corona brightness are made during
solar eclipses from ground, from rockets and from balloons
in the visible and near infrared regime. Data were taken as
well from space borne coronagraphs. An early review of
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Fig. 57. The visible F-corona brightness, as measured along
the ecliptic and the polar meridian. Asterisks. Blackwell 1995
(1954 eclipse); diamonds: Michard 1954 (1952 eclipse); trian-
gles Diirst 1982; squares Maihara et a. 1985. The power laws
best representing these data are shown as solid lines.

the visible coronal observations was given by Blackwell et
al. (1967). They gave a description of the F-corona data
as the continuation of the zodiacal light. A more recent
review was given by Koutchmy and Lamy (1985) including
aready infrared observations. They describe the visible F-
corona brightness at wavelength 400 nm < A < 600 nm
as proportional to r-2.25 at the equator and =247 & the
solar poles, based on a continuation of the zodiacal light
data.

A measurement of the 1980 eclipse (Dirst 1982) yields

a radial slope proportional to r=2*! in the equator and
r-2.76 2t the poles when only fittingthe slope to the eclipse
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Fig. 58. The equatorial F-corona brightness at 4 Rg. Di-
amonds: Maihara et a. 1985, cross: Smartt 1973, triangles:
MacQueen 1968 (lower values), MacQueen and Greeley 1995
(upper value); squares. Peterson 1967. The dashed line gives
the solar spectrum normalized to wavelength 0.55 pm.

observations in the range from 2 to 10 Rg. Observations
by Michard (1954) of the 1952 eclipse are fairly close to the
model corona suggested by Koutchmy and Lamy (1985),
whereas the Blackwell data and the more recent obser-
vations by Diirst are a little lower. Observations from the
Apollo 16 spacecraft describe the equatorial brightness be-
yond 20 Rg as ~ r~1%3(MacQueen et a. 1973).

Table 23. Proposed approximations to the F-coronal bright-
ness distribution

<A> region I(A\) at 4 Ro radia dope
(pm) (W/m? st pm)
05 equatorial 2.8 .10-2 28
polar 2.2 .10-2 r~28
2.12 equatorial ~ 5 .10-3 ri®
polar ~ 4 .10-3 33

“For comparison: at 500 nm, 1 10°B/B,= 2.84x10°
W/m? s mum.

We suggest to use for the visual spectral region a radial
slope of the brightness as r=2-% in the equator and r—28
a the pole (see Table ??). This takes the recent measure-
ments into account as well as the fact that the scattering
properties change due to the increasing diffraction peak
a small scattering angles.

9.5. Polarization a n d  colour

Due to the difficulties of K-corona separation, mentioned
above, the polarization of the F-corona brightness is not



the polarization of the total visible F-coronal brightness
together with two models of F-corona polarization. The
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Fig. 59. The polarization of the total coronal brightness
compared to the extrapolated zodiacal light model and the
F-corona polarization according to Blackwell et al. (1967).

first case isthe polarization curve extrapolated from the
Zodiacal light polarization according to equation (16), the
second case is the polarization derived by Blackwell et al.
(1967). The classical coronal model suggested in Black-
well et a. gives dmost no F-corona polarization within
10 R- Furthermore, it has been suggested, that an irreg-
ular slope of the F-corona polarization could either result
from the beginning of the dust free zone around the Sun
or reflect the existence of a dust ring. Observations of the
1991 eclipse show no hump in the polarization between 3
and 6.4 R and give an upper limit of 10% for the polar-
ization.

Similar to the uncertainties in the determination of ab-
solute brightness levels, the colour of the coronal bright-
ness is not well defined. Since both, thermal emission of
dust as well as a spectral change of scattering proper-
ties cause a reddening of the F-corona (Mann 1993), we
can expect reddening to vary within the corona. .4s far as
the visible F-corona is concerned, several estimates of the
colour are either describing only the inner corona or may
be biased from uncertain calibrations. However it seems to
be proven, that the reddening is stronger than in the Zo-
diacal light and is aso stronger than the reddening of the
inner Zodiacal light extrapolated to smaller elongations
(Koutchmy and Lamy 1985).

9.6. Infrared
9.6.1. Near-infrared brightness

Different values of the F-corona brightness at 4R in the
near infrared are shown in Figure 5S in comparison to the
solar spectral slope from Allen (19835), normalized to the
F-corona brightness at 0.5 um. Although the differences

<

-1

between data sets are still large, the majority of data at
longer wavelengths is above the extrapolated solar spec-
trum, indicating a contribution from the thermal emission
of dust near the Sun.

Only the early infrared observations do not follow this
trend.

The radial slope of the near infrared F-corona bright-
ness can be derived from observations of the 1991 eclipse
(Hodapp et a. 1992, Kuhn et al. 1992, MacQueen et al.
1992), however the sky conditions were mediocre, as men-
tioned above, and no accurate photometry was possible.
The equatorial brightness was described as B ~ r-l *® and
the polar brightness as B ~r'*, for regions inside 8 Rg.
Observations of the 1973 eclipse by Smartt(1973) in the
near-infrared (A= 1.03 pm) show a similar radial slope
of r=19 petween 3R and 5Rgy and of r=22 in the outer
corona.

9.6.2. Mid-infrared brightness

An important constituent of interplanetary dust particles
is silicate, which exhibits a pronounced reststrahlen band
in the 10 um wavelength region. An enhanced brightness
of the mid infrared corona could reveal for instance the
presence of small silicate particles near the Sun (cf. Kaiser
1970). Unfortunately, data in the mid infrared regime are
biased, either by scatterd light components from a window
in case of aircraft measurements (Lena et a. 1974), or by
strong atmospheric emission and fluctuations in the case
of observations from ground (Mankin et al. 1974).

9.6.3. IR - humps and dust rings

First measurement of the near infrared coronal brightness
showed a deviation of the slope from a continuous increase
within the corona, with brightness enhancements by a fac-
tor of 3 — 3.5. Severa of these humps were seen by Pe-
terson (1967) and MacQueen (1968), and later checked by
Isobe et a. (1985), Mizutani et al. (1985), and Tollestrup
et af. (1994). Model calculations by Mukai and Yamamoto
(1979) showed that these humps could be explained by a
dynamical effect that produces dust rings around the Sun.
It is aso possible, that a hump of the infrared brightness
is produced when the line of sight crosses the beginning
of a dust free zone (Mann 1992). A model calculation by
Kimura et al. (1997) shows that this effect may depend on
the material composition of dust near the Sun. However,
there have been several unpublished observations which
could not detect a dust ring, and observers of the 1991
eclipse could not confirm the existence of humps in the
near infrared brightness (Hodapp et al. 1992, Kuhn et al.
1992, Tollestrup et a. 1994). In this context we should
mention, that the presently available data do not allow
for a study of temporal effects in the F-coronal brightness, -
such as the appearance of dust clouds from sun-grazing
comets or temporal dust rings.



10. Integrated starlight
10.1. Model predictions based on $tar counts

The combined light from unresolved stars contributes to
the sky brightness from the ultraviolet through the mid-
infrared, with the contribution being dominated by hot
stars and white dwarfs at the shortest wavelengths, main
sequence stars at visual wavelengths, and red giants in
the infrared (Mathis, Mezger, and Panagia 1982). The in-
tegrated starlight contribution to the ,sky brightness de-
pends on the ability of an experiment to resolve out the
brightest stars, which in turn depends on the Galactic
latitude. If we suppose that stars brighter than flux Fo
are resolved and excluded from the diffuse sky brightness,
then the integrated starlight contribution is the integral
over the line of sight of the brightness contributions from
stars fainter than Fo,

Fo
Iist ]{ a0 o

where -d—’:'j%ﬁids the number of stars in the flux range F
to F + dF, for a line of sight towards galactic coordinates
1, b. In principle, we must also integrate the counts over
the beam and divide by the beam size, but in practice,
the variation in the number of sources over a beam is often
small except for large beams at low galactic latitude. (In
those cases, equation 28 is replaced by
1 Fo  dN(l,b)
Qb beam a0 0 dF dF
where €2 is the beam solid angle.) The cumulative number
of sources increases less steeply than I/F for the fainter
stars, so that the integral converges; in the near-infrared
a 2.2 pm, the peak contribution to the sky brightness oc-
curs for stars in the range O < K <6. For reference, K = O
corresponds to F. = 670 Jy (Campins, Rieke, and Lebof-
sky 1985), and there is of order 1 star per square degree
brighter than K = 6, and (extrapolating) there is one
star per square arcminute brighter than K = 15. Thus,
for comparison, the DIRBE survey (42° beam, K = 4
detection limit) resolves about 50% of the starlight in
the K band, while the DENIS survey (limiting magni-
tude K = 14) should resolve some 97%. Similarly, in the
far-ultraviolet, the FAUST survey resolves some 96% of
starlight (Cohen et a. 1994). And at visible wavelengths,
star counts near the North Galactic Pole (Bahcall and
Soneira 1984) also show that the visible surface bright-
ness for low-resolution observations is strongly dominated
by the brightest stars (=6-13 mag). It is for deep surveys
with low angular resolution that we address the remainder
of this discussion of integrated starlight.

To estimate the contribution of integrated starlight to
a deep observation, one must sum the contribution from
each type of star along the line of sight. One may recast
the integral in equation 28 more intuitively by integrating

(28)

F, (29

Itsy, =

over theline of sight for eachclass of object (which has a
fixed luminosity):

* o, L,
Iisy = }_‘:/’ dss 'l.‘(s)_—h—s-_\‘,

where ni is the number density and Li the luminosity
of sources of type i. The integral extends outward from
a given inner cutoff sthat depends on the source type”
through s = L;/4mFy.Bahcall and Soneira (1984) con-
structed such a model, with the Galaxy consisting of an
exponential disk and a power-law, spheroidal bulge. The
shape parameters (vertical scale height and radial scale
length of the disk, and bulge-to-disk density ratio) of the
Galactic star distribution were optimised to match the
star counts. .4 more detailed model (SKY), both in terms
of Galactic shape and the list of sources, has been con-
structed by M. Cohen and collaborators (Wainscoat et al.
1992, Cohen 1993, 1994, Cohen et a. 1994, Cohen 1995).
Examples of the surface brightness predicted by the
SKY model for two lines of sight and four wavebands, from
the ultraviolet to the mid-infrared, are shown in Fig. 60.
Of these, the basis for the ultraviolet part is discussed in
more detail in section 10.2.2 below. Each curve in Figure
60 gives the fractional contribution to the surface bright-
ness due to stars brighter than a given magnitude. The
total surface brightness for each wavelength and line of
sight is given in Table 24. The sky brightness due to un-
resolved starlight can be estimated for any experiment
given the magnitude limit to which it can resolve stars.
First, determine the fraction, f, of brightness due to stars
brighter than the limit using Fig. 60. Then, using the to-
tal brightness of starlight, fzsL from Table 24, the surface
brightness due to unresolved stars is IrsL x (1 — f).

(30)

Table 24. Surface Brightness due to Integrated Starlight
(given as Aly, respectively vi,)

wavelength (um) surface brightness (10°W m~2sr™!)

b=30° North Gal. Pole
0.1565 62 24
0.55 577 250
2.2 205 105
12 6.1 3.0

The old compilations of integrated starlight in the vi-
sua by Roach and Megill (1961) and Sharov and Lipaeva
(1973) do not have have high (= 1°) spatial resolution and
are not calibrated to better than =~13%. However, they
gtill give useful information, are conveniently available in
tabulated form, and have been used, eg. in work to be
discussed below in sections 11.2 and 12.2.1.
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Fig. 60. Fraction of integrated starlight due to stars brighter than a given magnitude, for two lines of sight: the NGP (dashed
curves) and a region at 30° galactic latitude (solid curves). Each panel is for a different wavelength: (a) 1565 A, 1) 5500 A,
(c) 2.2 pm, and (d} 12 pm. In panel (¢}, the vertical lines indicate the magnitude limits adopted in analysis of DIRBE (Arendt
- et al. 1997), IRTS (Matsumoto et a. 1997), and DENIS (Epchtein 1994,1997) observations are shown.

10.2. Ultraviolet
10.2.1. Near ultraviolet (180 nm -300 nm)

The UV astronomy experiment S2/68 (Boksenberg et al.
1973) provided catalogs of stellar UV brightness over the
sky in one photometric channel at 274 nm (AX = 30 nm)
and three spectroscopic channels around 156.5 nm (AX =
33 rim), 196.5 nm (AX = 33 rim), and 236.5 nm (AA =
33 nm). Gondhalekar (1990) integrated over the spectro-
scopic channels to provide photometric information at all
of the four UV wavelengths. The photometric accuracy is
=~ 10%. Only the 47039 stars with UV flux larger than
1.0x10 2 ergem~!s~'sr~! A-! (myy =~ 8 mag) in at
least one of the four passbands were kept for calculating
the integrated starlight brightness over the sky. The re-
sulting brightnesses are given in Tables 25 to 28.

Brosch (1991) also attempted to produce a galaxy
model for the UV. He adapted the Bahcall and Soneira
(1980) galaxy model by suitable colour relations to the
150-250 nm sky, and added Gould's belt and white dwarfs.
He compared in his Figure 3 the model with the limited
results available from a wide field UV imager flown on
Apollo 16 (Page et a. 1982) and found reasonable agree-
ment between his model and these data, but otherwise
does not give an explicit description of the model.

10.2.2. FUV (91.2 nm -180 nm)

Table 25 discussed in the last subsection actually belongs
to the FUV range.

As far as modelling is concerned, the stellar contribu-
tions to the FUV sky brightness have been well charac-
terized. The optical and infrared SKY model of Cohen
(1994) has been expanded into the FUV by fitting it to
observations on the FUV sky obtained with the FAUST
FUV telescope (Bowyer et al. 1993). The FAUST cam-
era had obtained observational data on 5000 sources in
21 separate fields in the 140- 180 nm bandpass. These
data covered FUV magnitudes from 5 to 12. The model
resulting from the comparison to these data (Cohen et al.
1994) provides an excellent fit to the available FUV ob-
servations. The extrapolated flux for magnitudes greater
than 12 is less than 4% of the total point source flux and
is less than 1% of the FUV diffuse sky brightness.

A4s is the case for other wavelength bands, the inte-
grated starlight in the FUV (and aso the near ultravio-
let) is concentrated toward the plane of the Galaxy. In Fig-
ure 61 we display two examples of how the model accounts
for the stellar contribution in the ultraviolet (kindly pro-
vided by Martin Cohen). The figure shows differential star
counts as a function of a FUV magnitude centered at 166
nm, both for a position in the galactic plane at 1 = 90° and
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-'4-1. Only stars brighter than a certain flux limit (seetext) were included. From Gondhalekar (1990).

Table 27. The wntensity of stellar UV radiation at 236.5 nm in bins of L0°x10%m units of 10~ W m ™% sr™"
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Fig. 61. Differential star counts as afunctionof FUV magnitude for a position in the galactic plane at 1 = 90° (left) and
for the galactic pole (right). Solid line: total contribution! faint dotted line: disk component, dash-dot line: halo contribution,

long-dashed line: spiral arms plus local spur (shown only for the field in the galactic plane).

Table 29. Tota integrated surface brightness in the range 140
nm -180 nm due to point sources, as given by the SKY models
a a gaactic longitude of 90° as predicted by the SKY model.

Galactic L I I

latitude mly/0° W/m’sr um  photons'cm®ssr A
90° 26.6+0.01  102x107'° 82.5
80° 40.6 +£ 0.02 156x107™ 125.8
70° 49,7 * 0.03 191 x10-1° 153.8
60° 58.2+0.03  224x10~*'° 180.4
50° 70.9+0.05 273x10™ 219.5
40° 89.8+£0.19  345x1071° 278.0
30° 122.1* 0.3 469x10°10 378.2
20° 185.0 £ 0.6  709x10'° 571.1
10° 483.0 £12.9 186 0X10-1'J 1496
0° 4297+78 1650x10™ 1330

°Since this model was primarily constructed for the infrared,
it cannot be expected to be accurate in the ultraviolet at low
galactic latitudes (] b]< 100), where the effects of clumsiness
of tr;e interstellar medium get dominating (Caplan and Grec
1979).

for the galactic pole. In both parts of the figure, the solid
line is the total number of stars per square degree per mag-
nitude interval, the disk component is shown by the faint
dotted line, and the dash-dot line is the halo contribution.
For the galactic plane (left diagram), the halo component
is of lesser importance, but the spiral arms plus local spur
contribution have to be taken into account (long-dashed
curve). Table 29 gives the total stellar surface brightness

in the 140-180 nm band as a function of galactic latitude.
The brightness varies with galactic longitude; in this case
we show the values for 1 = 90°.

In an attempt to unify the above information on ultra
violet integrated starlight, at present we suggest to rely
on Tables 25 to 28 for the absolute and total brightness
level, and to use the models demonstrated above for pur-
poses like extrapolation to the contribution of faint stars
or breakdown of the total brightness into the contribution
of different components or brightness intervals.

10.3. Ground-bawd UB VR photometries

Besides airglow and zodiacal light, the Milky Way is the
third major contributor to the diffuse night sky bright-
ness in the visual spectral domain. In this part of the
electromagnetic spectrum, the light of our Galaxy is the
only constituent of the night sky which is fixed with re-
spect to an inertial system of reference and aso is con-
stant over large time scales. For absolute brightness deter-
minations, space experirnents, free of disturbance by the
earth’s atmosphere, are best suited, for studies of struc-
tures, ground-based surveys are preferable because of their
greater flexibility.

Efforts to describe the distribution of the Milky Way’s
brightness are numerous and can be traced back far into
the past (Ptolemy’s Almagest). Difficulties to get rid of
atmospheric disturbances still are present in the classical
paper by Elsasser and Haug in 1960, which otherwise, for
the first time, presented photoelectric measurements of
our Galaxy with a reasonable resolution in well defined
passbands (see Tables 30 and 31).
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Fig. 62. U photometry of theSouthetnMalky Way The photometry is accompanied by @ colour bar. Its left end corresponds
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data.
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Fig. 63. B photometry of the Southern Miiky Wiy Thephotometry isaccompanied by a colour bar. Its left end corresponds
to -100 S,,. The brightness at the right rudof thebaris3305 gumts (B) Thescaleis linear. White areas denote non-valid

data.
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Fig. 64. V photometry of the SouthernMilky Wav Uhephotometryisaccompanied by a colour bar. Its left end corresponds
to -100 Sio. The brightness attherightendofthehans jy S1y wnits o Thescaleis linear. White areas denote non-valid

data.
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to-100 S1o. The brightness at the right end of the s 2600 Sy nmts (R) Thescale is linear. White areas denote non-valid

data.
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Fig. 66. Svnopsts of the Cantna-Coalsack cegrion m U, BV RO To faciitate comparson. the devels are adjusted for an optimal
visnahization The Sih-isophotes 1o the sense of "outer broken line, continnons hine and woer broken line” ace (150, 250, 380)
for U (150,230, 400, for B3, (250, 500, 800) for V, and (1000, B00, 1900 tor B The hinear seale of the coloinr coding may be

used for mterpolation



Table 30. Large scale surface photometries of the Milky Way in the visual/near visual spectral domain(in addition to those
displayed as Figures 62- 66).

Spectral range Approximate interval of galactic  Reference
longitudes latitudes
P, v 0...360° -90 ... +90° Elsasser und Haug ( 1960)
530 * 15 nm 0...360° -20...420° Smith et a. (1970)
u 0...360°" -50... +50°°  Pfleiderer and Mayer ( 1971) .
B 0...360°" -90... +90°*  Classen (1971)
710 £100 nm Northern Milky Way Zavarzin (1978)
440 * 45 nm 0...360° -90...-55"  Weinberg (1981)*
640 + 50 nm 0...360° -90...-55°  Weinberg (1981 )*
356 £ 53 nm 41 . .210° -41...+41° Winkler et a (1981)
B-R = 440nm -640nm  0...360° -15...+15° Toiler (1990)*
B,V 0...360° -90...+90° Wicenec(1993)*, Wicenec and van Leeuwen™

*as far as Visible from about 30° southern geographical latitude
‘space experiments, included here for comparison, see a detailed presentation of Pioneer 10 results in section 10.4
Note: The earlier photometries by Elsiasser and Haug and Smith et al. rue included here only for comparison. It is
recommended to refer to the space-based photometries, to the Bachum photometries shown in Figures 62-66
and to the later photometries of this table.

Table 31. Surface photometries covering smaller areas Of the Milky Way.

Spectral range Approximate interval of galactic Reference

longitudes latitudes
B 295...310° -6...+5° Mattila (1973)
u -63...+30" -30... +30° Prsll (1980)
U B,V Scorpius Hanner €t al. (1978)"
U, B,V selected scans Leinert and Richter (1981)°
UB,V,R 289...316° -15...+14°  Seidensticker et al. (1982)

@ gpace experiment, included here for comparison, since well-calibrated

The four photometries of the Southern Milky Way pre-
sented here in colour as Figures 62-66 profit from the
now more effective correction for the atmospheric effects.
They cover the whole range in longitudes and galactic lati-
tudes from -40° to +40°. They have a high angular resolu-
tion (0.25 x 0.25 square degrees). Moreover, al wavelength
bands are processed in the same way, and so the colours
U-B, B-V, V-R should be quite coherent. The Figures pre-
sented here only give an overview, athough the linear scale
of the colour bar will alow coarse interpolation. The data
are accessible in digital form at the astronomical data cen-
ter Centre de Donnés Stef/sires (CDS) in Strasbourg un-

der

http: //cdsweb.u-strasbg. fr/htbin/myqcat3?VIil/199/

It is planned to make accessible to the public under this
address step by step all major ground-based photometries
of the Milky Way contained in Table 30, in particular aso

the B photometry by Classen (1976), which Has the ad-
vantage of large sky coverage and which fits quite well to
the Helios and Pioneer space probe data (see Figure 69
below). For further information with respect to the four
photometries discussed, see the papers by Kimeswenger
et a. (1993) and Hoffmann et a. (1997). .4s an example
for the kind of spatial detail to be expected, Figure 66
shows on an enlarged scale the UBVR photometry for the
Coalsack region.

The UBVR photometries shown in Figures 62-66 are
breed on photographic exposures, calibrated in situ by
photoelectric measurements of the night sky. The raw data
were obtained in 1971 by Schlosser and Schmidt- Kaler
a La Silla (Schlosser, 1972). The well known disadvan-
tages of photographic plates (their relatively low inherent
accuracy, for instance) do not count so much if one con-
siders the often rapid variations of the night sky in to-
tal. Such changes especially affect scanning photometers
and reduce their inherent accuracy. A posteriori, it is vir-
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Table 32. comparison of the BochuinUBVR photometries (det

woted as *X') with other photormetries.

U passband
Leinert and Richter (1976)
Proll (1980)

Pfleiderer and Meyer (1971)

Seidensticker et al. (1982)

B passband
Classen (1976)
Leinert and Richter (1981)
Mattila (1973)
Seidensticker et al. (1982)

Ase =352 nm, Wi =51 nm, dA =97 nm)

(0.97 £0.18):X - (12 £4)
(1.11 * 0.12):X

(0.84 +0.02) X - (10 £ 3)
(1.19 +0.03)X - (28 % 5)

Asi = 421 nm, Wa =80 nm, A\ = 141 nm)

(0.83 £0.04)-X + (23+5)
(0.93 +0.08)-X

(0.82 £0.12)-X + (31 £ 23)
(1.18 £0.03)-X + (16 % 3)

Toiler (1989) (090 )X - 25
Vv passband Asi = 530 nm, W, = 94nm, AX = 159 nm)
Dachs (1970) = (103 )-X
Elsasser and Haug (1960) = (0.64 £0.13)-X - (36 % 8)
Leinert and Richter (1981) = (094
Seidensticker et al. (1982) = (1.13 * 0.091:- (88* 14)
R passband Asi =678 nm, Wi =24 nm, AX = 53 nm)

Seidensticker et al. (1982)

= (1.09 £0.04)-X - (464 + 36)

Asi is the wavelength which bisects the recorded energy for this filter
Please note: 10 mean errors given only if data permit (multiplicative term)
and/or mean differs by more than 1 ¢ from zero (additive term)
The Bochum UBVR photometries are stored at the Strasbourg Centre de Données Stellaires (CDS)

under http: //cdsweb.u-strasbg. fr/htbin/myqcat3 ?VII/199/

tually impossible to discriminate between temporal and
spatial variations. For Figures 62-66, a wide angle cam-
era (FOV 135°) was employed, which integrated the night
sky at the same time, thus avoiding the above mentioned
unwanted effects. Tables 30-32 contain supporting infor-
mation. Table 30 gives a synopsis of photometries in the
visual and near-visua spectral spectra domain. This list
contains only photometries covering the whole Galaxy or
a major part of it (for more details, see Scheffler, 1982).
Some photometries of smaller galactic areas are contained
in Table 31. In Table 32, the four Bochum photometries
shown here are compared to those of other authors. Be-
cause the Helios data (Hanner et al. (1978), Leinert and
Richter (1981)) are considered a well caibrated reference,
these space probe measurements are also included here for
comparison. The same is true for the south polar region
subset of Pioneer data shown by Weinberg (1981) and the
subset presented by Toiler (1989), while a much more com-
plete overview on the Pioneer measurements of integrated
starlight will be given in the following subsection.

10.4. Pioneer 10/11 spaceborne visua photometry

Small imaging photopolarimeters (IPP’s) on the Pioneer
10 and 11 deep space probes were used "during cruise
phases (between and beyond the planets) to periodically

measure and map over the sky brightness and polarisa
tion in blue (395 nm - 495 nm) and red (590 nm - 690
nm) bands. This was done at heliocentric distances be-
yond 1.015 AU (Weinberg et al. 1974, Hanner et a. 1974).
Early results suggested that observations of the same sky
regions decreased in brightness with heliocentric distance
Rto =~ 3.3 AU (Weinberg et a. 1974, Hanner et al. 1976),
beyond which there was no observable change; i.e, the
zodiacal light became vanishingly small compared to the
background galactic light (i.e. was less than 2 SIOO). Sub-
sequent analysis (Schuerman et a. 1977) found this de-
tectability limit to be 2.8 AU. Thus, for sky maps made
between 1 AU and 2.8 AU, the observations give the sum
of zodiacal light and background starlight, while beyond
2.8 AU the background starlight, including some diffuse
galactic light, could be observed directly. We summarise
here those observations from beyond 2.8 AU.

Approximately 80 sky maps were obtained with the
Pioneer 10 IPP, starting in March 1972, of which 50 maps
fall into the year 1972 (see Table 33). The FOV'S covered
most of the sky (see Figure 67) except for a region near the
spin axis of the spacecraft (within 30° of the sun). Table 33
presents a log of observations with the Pioneer 10 IPP. A
similar schedule was performed with the IPP on Pioneer
11, starting in April 1973. The combined data provide a
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Table 33. Log of cruise phase observations with the Pioneer 10 Imaging Photopolarimeter.

Year Calendar Sun-S/C S/C Distance Heliocentric Usable LA* Signal/

Date Distance from ecliptic’ 8s/c  Assc Range ° Noise
(Au) (AU) (deg) (deg)

1972 Mar 10 1.002 -.0065 -0.37 172.85 152-168 8.70

11 1.004 -.0073 -0.41 174.12 135-167 4.15

12 1.006 -.00805 -0.46 175.36 136-169 7.68

14 1.011¢ -.0095 -0.54 177.63 128-169 7.00

15 1.014 -.0103 -0.58 178.87 128-168 5.65

16 1.017 -.01107 -0.62 180.07 128-169 4.93

20 1.032 -.01428 -0.79 185.03 128-150 5.62

22 1.040 -.01581 -0.87 187.37 128-168 5.00

23 1.046 -.01677 -0.92 188.84 128-170 4.56

29 1.075 -.02117 -1.13 195.47 128-169 6.43

31 1.087 -.0227 -1.20 197.78 110-146 5.87

Apr 4 1.110 -.02554 -1.32 201.95 110-170 4.93

10 1.150 -.02971 -1.48 207.98 91-159 4.12

13 1171 -.03165 -1.55 210.76 91-170 3.78

17 1.201 -.03424 -1.63 214.39 91-166 3.15

20 1.224 -.03613 -1.69 217.02 91-168 471

27 1.281 -.04027 -1.80 222.68 86-103 4.09

28 1.289 -.04086 -1.82 223.48 91-158 3.75

May 5 1.349 -.04474 -1.90 228.64 46-168 11.46

8 1.376 -.04632 -1.93 230.73 46-156 14.43

17 1.453 -.05058 -1.99 236.23 46-170 13,87

30 1.586 -.05694 -2.06 244.26 46-169 10.34

June 7 1.652 -.05972 -2.07 247.70 46-169 8.90

13 1.709 -.06196 -2.08 250.46 49-130 7.75

20 1.774 -.06436 -2.08 253.40 42-067 7.96

22 1.788 -.06485 -2.08 254.00 44-170 7.31

27 1.841 -.06666 -2.08 256.21 91-130 421
141-168

29 1.861 -.0673 -2.07 257.00 68-169 521

July 21 2.062 -.07326 -2.04  264.32 128 3.87

24 2.090 -.07399 -2.03 265.22 128 6.40

27 2.117 -.07469 -2.02 266.11 128 4.34

31 2.152 -.07557 -2.01 267.21 128 7.75

Aug 3 2.179 -.07622 -2.00 268.04 104-137 481
160-170

10 2.241 -.07766 -1.99 269.87 128 5.00

11 2249 ¢ -07734 -1.98 270.11 91-140 4.43
158-170

16 2.294 -.07880 -1.97 271.36 91-168 6.31

23 2.354 -.08005 -1.95 273.01 74-145 5.90
167-170

30 2413 -.08121 -1.93 274.58 76-158 4.03

Sept 5 2.467 -.08219 -191 27594 76-166 5.09

8 2.492 -.08263 -1.90 276.56 128-169 4.59
26 2.640 -.085005 -1.85 280.07 76-105

27 2.641 -.08502 -1.84 280.09 76-150 7.34

ott 10 2.750 -.08652 -1.80 282.50 49-79 5.15

ott 18 2.812 -.08728 -1.78 283.81 (42- 68)" 4.78
(77-163)

19 2.821 -.08739 -1.78 283.99 (91-157)” 471

Nov 4 2,939 -.08865 -1.73 286.37 42-161 4.93

19 3.056 -.08969 -1.68 288.63 43-173 2.62

Dec 4 3.163 -.09046 -1.64 290.61 42-170 2.90

19 3.269 -.09104 -1.60 292.47 40-170 5.15




Log of PioneerlDcruise phase observations - continued.

Year Caleudar Sun-§/C S/C Distance Heliocentric Usable LA*  Signal/
Date Distance from ecliptic® Bs,c As/c Range Noise
(Au) (AV) (deg) (deg)
1973 Jan'3 3.38-t -.09150 -1.55  294.44 38-115 3.50
8 3.404 -.09155 -1.54  294.77 109-163 2.71
Feb 1 3.560 -.09180 -1.48 297.32 67-144 4.96
13 3.805 -.09146 -1.38 30110  (152-170)" 5.59
Mar 3 3.927 -.09095 -1.33 302.92 128-137 421
148-170
28 4.065 -.09009 -1.27  304.92 91-128- 6.68
154-170
May 29 4.226 -.08868 -1.20  307.21 38-170 6.71
June 7 4.273 -.08818 -1.18 307.88 91-121 6.59
Aug 4 4,545 -.08449 -1.07 311.66 91-170 5.53
6 4.353 -.08434 -1.06 311.78 38-94 4.96
25 4.636 -.08289 -1.02 31292 38-145 6.31
Ott 6 4.812 -.07924 -0.94 315.34 38-148 5.12
164-169
2 6 4.892 -.07730 -091 31641 38-115 5.53
128-170
1974 Jan 21 5.084 -.03264 -0.36 325.43 38-170 4.18
Mar 9 5.152 -.00128 0.00 332.08 38-170 4.15
Apr 21 5.253 +.03021 - +0.33 338.05 38-109 4.06
22 5.254 +.03033 +0.33 338.07 111-170 4.46
June 25 5.466 +.07531 +0.79 346.36 40-152 4.34
+ 168-170
Aug 31 5.748 +.12004 +1.20 354.15 38-170 5.18
Ott 28 6.042 +.15838 +1.50 0.31 38-168 12.40
1975 Jan 28 6.576 +.21749 +1.90 8.83 47-77 3.90
100
147-167
Mar 28 6.953 +.25429 +2.10 13.57 42-91 3.09
103-170
May 21 7.137 +.28729 +2.25 17.47 109-170 4.81
30 7.378 +.29265 +2.27 18.07 37-114 4.46
124-132
143-170
July 27 7.787 +.32721 +2.41 21.77 46152 4.21
Sept 30 8.261 +.36524 +2.53 25.49 35-168 5.25
Nov 28 8.704 +.39919 +2.63 28.53 35-68 3.06
94-109
122-126
. 135-169
1976 Jan 30 9.182 +.43440 +2.71 3141 42-127 2.40
135-170

“positive values mean a location of the spacecraft north of the ecliptic plane.

LA = look angle = angle measured from the spin axis.

‘approximately 1/2 of the data are lost due to low data rate and other factors

higher spatial resolution than would have been possible
to obtain with a single map or with observations from a
single spacecraft (S/C). Further, Pioneer 11 obtained 12
additional maps between November 1981 and December
1982 to “fill in” the aforementioned sky gap regions.

The instantaneous field of view of each IPP was ap-
proximately 2.3° square. Brightness was integrated for
1/64t* (one sector) of the 12.5 s spacecraft spin period,
giving a maximum effective FOV of 2.3° x7.9° when the

telescope was perpendicular to the spin axis(LA=90°).
The spin axis was directed more or less toward the sun.
By moving the IPP telescope in steps of 1.8" in look an-
gle, the entire sky between 29° and 170° from the spin
axis could be scanned. The spinning, sectoring and step-
ping resulted in a two-dimensional overlapping pattern of
FOV'S on the sky for each map (see Figure 67). Since the
spin axis moved slowly on the celestia sphere according
to the moving spacecraft position, most of the sky was
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Fig. 67. Example for Pioneer datain the blue

Becvar atlas showing part of the soughernMilky Way ™
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Fig. 68. Pioneer 10/11 blur sky map at 440 nm at 0.5
3.26 AU to 5.15 AU heliocentric distance. The map is
1997

> resolution. constructed from Pioneer 10 and Pioneer 11 maps taken at
i Aitoff projection. The galactic center is at the center. From Gordon



Table 3.0 Boghinesses of bacharownd stacliche and aeeseared stacleche ar che uoech and <ouch celestiad, echiphic, and galact

poles i S0 qars) Stars with un

<65 excluded Ndapred from Toller eeal 1987

itfective [ A 17 i3 1230 1300 B Py 8} Palomar Palomar i
Wavelrngth 1250 LHW) Blue ed
.\ 1150 LARD)
[nvestigation Hotfimann Pioneer Filsitsser Lillie Classen Kiteswoeager Roach and Sharow and Canabe Fanabe P;‘;;
{Year) etal. Lo and H.ooiy (lf)'}li) 1) et al Megit Lapae vy (1973) (1973
197 (197%) (1980) 1993 (1961 [1o7) @
Method —— ——— —_ — Photometries ———.—. e ————— — . Starcounty ————— Photo:
NCP 36 <95 36 48 37 13 76 t
NEP 66 <95 98 52 50 66 76 3z
NGP 29 27 22 2 RN 26 41 3.
3CP 32 36 T <93 38 55 36 41 94
SEP 61 106 128 124 37 67 30 39 12
SGP 26 33 27 28 23 33 9 36

eventually covered with a resolution better than the 1.8°
roll-to-roll separation of FOV’sin a single map.

The data reduction methodology is described in a
User's Guide (Weinberg and Schuerman 1981) for the Pio-
neer 10 and Pioneer 11 IPP data archived at the National
Space Science Data Center (NSSDC). Signals of bright
stars were used to calibrate the decaying sensitivity of the
IPP channels. Individually resolved stars, typically those
brighter than 6.5 mag, were removed from the measured
brightnesses on the basis of a custom made catalog con-
taining 12457 stars. The absolute calibration was based
on the instrument’s response to Vega. Finaly, the Pioneer
10 and 11 blue and red data were represented in SIO,
units. The result is a background sky tape, which, for the
data beyond 2.S AU, contains the integrated starlight, in-
cluding the contribution from the diffuse galactic light. A
more complete description of the reduction and use of the
data is being prepared (Weinberg et a. 1997).

The background sky data set can be addressed in a
variety of ways, including overlaying the data on a sky
atlas such as Becvar’s Atlas Coeli (1962), interpolating
the posted data on an evenly spaced coordinate grid, and
contouring the data. Each of these is shown in the three
panels of Figure 67, all covering the south celestial pole
region, which includes low galactic latitude regions and
both the Small and Large Magellanic Clouds. The map
scale and magnitude limit of the Atlas Coeli make this
atlas convenient for illustrating and manipulating Pioneer
background! sky data. The upper panelin Figure 67 shows
asingle Pioneer 10 map's pattern of FOV's overlaid to the
corresponding region of the Becvar atlas. The map shows
the overlap in both look angle and sector (day 63 of year
1974, observed at R=3. 1.5 AU). The middle panel shows
the result of interpolating the data for six map days of
observations in blue on anevenly spaced coordinate grid
for the same region of sky. We estimate that the random
error in the numbers shown in the middle panel is 2to
3S1):units, and perhaps 3 units in che Milky Way and
the Magellanic clonds. An isophote representation of the

data (lower panel) is perhaps the most convenient way
to present the data. The interval between isophotes is 5
SIO,units. The spatial resolution was found to be ap-
proximately 2°. Regularly celestial spaced grid values of
Pioneer 10 blue and red brightnesses were determined in
this manner for the entire sky, from which data were de-
rived every two degrees both in galactic and equatorial
coordinates. Part of these data are used in Tables 35 to
38 to depict Pioneer 10 blue and red data at 10° intervals
in both coordinate systems. Pioneer 11 data showed no
significant differences to Pioneer 10 data, so only Pioneer
10 data are discussed and shown here.

More recently, Gordon (1997) further analyzed Pio-
neer 10 and 11 data from beyond the asteroid belt. He
found no significant differences between the Pioneer 10
and 11 data. His grey scale presentation of the combined
data with 0.5° spatial resolution is shown in an Aitoft pro-
jection in Figure 68. The gap in this figure corresponds to
that discussed earlier. Gordon did not have available those

specia data sets closing the gap.

From the Pioneer data, blue and red brightnesses at
the celestial, ecliptic and galactic poles were derived from
isophote maps of the polar regions like the one shown for
the south celestial pole in Figure 67. They are compared
with other photometric data and with star counts in Ta
ble 34. There is fair agreement among the photometries.
However, because of the lack of atmospheric and inter-
planetary signals in the Pioneer data, these data should be
preferred over the other photometries when determining
the level of galactic lightin a certain region. Generaly che
photometries are at higher levels than the star counts.as
one would expect. since the photometries contain the con-
tributions of ditfuse galactic light (section 11)and extra-
galactic background light (section 12). Equal numbers for
the brightnesses in the blue and the red shown in Table 34
would mean that the galact ic component of the night sk
brightness has solar colonr. The Ploneer data show a red-
dening e the poles, and chis reddening appears all over
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Table 34. Bright nesses of background staclight and integrated starlight atthe north and south celestial, ecliptic, and galactic
poles (in S105 units). Stars with m < 6.5 excluded. Adapted from Toiler etal. 1987.

Effective U v a4o7 B 4280 4300 B RE; B Palomar Palomar 641
Wavelength 4250 1400 Blue Red
‘4150 8440
Investigation Hoffmann  Pioneer  Elsdsser Lillie  Classen Kimeswenger Roachand Sharovand  Tanabe  Tanabe Pion.
(Year) etal. 10 and Haug (1968)  (1976) eta. Megill Lipaeva (1973) (1973) 10
1997 (1978) (1960) 1993 (1961) (1973) (197
Method Photometries — —- Star counts Photon
NCP 56 <95 56 48 37 48 76 77
NEP 66 <95 98 52 50 66 76 82
NGP 29 27 22 24 21 26 41 3l
scp 52 86 74 <95 58 55 56 41 94
SEP 61 106 128 124 87 67 50 39 125
_ SGP 26 33 27 28 23 53 79 36

eventualy covered with a resolution better than the 1.8°
roll-to-roll separation of FOV’s in a single map.

The data reduction methodology is described in a
User's Guide (Weinberg and Schuerman 1981) for the Pio-
neer 10 and Pioneer 11 IPP data archived at the National
Space Science Data Center (NSSDC). Signals of bright
stars were used to caibrate the decaying sensitivity of the
IPP channels. Individually resolved stars, typically those
brighter than 6.5 mag, were removed from the measured
brightnesses on the basis of a custom made catalog con-
taining 12457 stars. The absolute calibration was based
on the instrument’s response to Vega. Findly, the Pioneer
10 and 11 blue and red data were represented in SIO,
units. The result is a background sky tape, which, for the
data beyond 2.8 AU, contains the integrated starlight, in-
cluding the contribution from the diffuse galactic light. A
more complete description of the reduction and use of the
data is being prepared (Weinberg et al. 1997).

The background sky data set can be addressed in a
variety of ways, including overlaying the data on a sky
atlas such as Becvar’s Atlas Coeli (1962), interpolating
the posted data on an evenly spaced coordinate grid, and
contouring the data. Each of these is shown in the three
panels of Figure 67, all covering the south celestia pole
region, which includes low galactic latitude regions and
both the Small and Large Magellanic Clouds. The map
scale and magnitude limit of the Atlas Coeli make this
atlas convenient for illustrating and manipulating Pioneer
background sky data. The upper panel in Figure 67 shows
a single Pioneer 10 map’s pattern of FOV's overlaid to the
corresponding region of the Becvar atlas. The map shows
the overlap in both look angle and sector (day 68 of year
1974, observed at R=5.15AU). The middle panel shows
the result of interpolating the data for six map days of
observations in blue on an evenly spaced coordinate grid
for the same region of sky. We estimate that the random
error in the numbers shown in the middle panel is 2 to
3 S10; units, and perhaps 3 units in the Milky Way and
the Magellanic clouds. An isophote representation of the

data (lower panel) is perhaps the most convenient way
to present the data The interval between isophotes is 5
SI O, units. The spatial resolution was found to be ap-
proximately 2°. Regularly celestial spaced grid vaues of
Pioneer 10 blue and red brightnesses were determined in
this manner for the entire sky, from which data were de-
rived every two degrees both in galactic and equatorial
coordinates. Part of these data are used in Tables 35 to
38 to depict Pioneer 10 blue and red data at 10° intervals
in both coordinate systems. Pioneer 11 data showed no
significant differences to Pioneer 10 data, so only Pioneer
10 data are discussed and shown here.

More recently, Gordon (1997) further analyzed Pio- .

neer 10 and 11 data from beyond the asteroid belt. He
found no significant differences between the Pioneer 10
and 11 data. His grey scale presentation of the combined
data with 0.5° spatial resolution is shown in an Aitoff pro-
jection in Figure 68. The gap in this figure corresponds to
that discussed earlier. Gordon did not have available those
specia data sets closing the gap.

From the Pioneer data, blue and red brightnesses at
the celestial, ecliptic and galactic poles were derived from
isophote maps of the polar regions like the one shown for
the south celestial pole in Figure 67. They are compared
with other photometric data and with star counts in Ta
ble 34. There is fair agreement among the photometries.
However, because of the lack of atmospheric and inter-
planetary signals in the Pioneer data, these data should be
preferred over the other photometries when determining
the level of galactic light in a certain region. Generally the
photometries are at higher levels than the star counts, as
one would expect, since the photometries contain the con-
tributions of diffuse galactic light (section 11) and extra-
galactic background light (section 12). Equal numbers for
the brightnesses in the blue and the red shown in Table 34
would mean that the galactic component of the night sky
brightness has solar colour. The Pioneer data show a red-
dening at the poles, and this reddening appears all over



Table 37. Pioneer 10 background starlight in blue (440 rim), in equatorial coordinates and S10e units. horn Toller(1981).
a declination g
O v -70 60 50 -40 -30 -4 -20 -6 -12 -8 -4 0O 4 8 12 16 20 24 30 40 50 607080

0 3 49 44 38 36 32 28 30 25 34 34 33 36 43 39 4141 49 &1 67 93 166 234 112 96
10 5 61 3% 3 30 29 30 22 25 26 34 32 32 33 36 36 39 4 46 58 914 145 208 12192
20 1 56 47 39 3 26 30 29 35 35 35 34 34 37 38 39 43 46 49 608 140 192 121 90
30 2 42 47 42 32 27 34 28 33 34 32 39 37 31 43 40 45 46 B4 64 85 153 202 98 83
40 7 48 39 3 31 31 33 35 34 36 36 41 43 41 40 44 47 51 52 67 113 145 167 101 82
50 4 49 49 36 35 35 34 35 38 40 43 43 51 44 44 51 55 58 67 67 115 128 143 98 87

60 | 859 42 42 38 40 41 46 40 49 53 54 60 59 58 71 64 73 8 83 9 136 122 96 92
70| 8 108 56 49 47 46 54 52 50 62 12 69 76 83 76 73 67 T 65 66 131 108 104" 102 88
8| 3 319 6061 50 52 68 71 8 94 126 134 117 115 111 116 113 124 87 121 195 134 84 94 76
90 | 5 204 77 94 76 84 96 112 119 114 125 126 132 139 167 200 192 185 196 184 143 116 8282 68
1w | ‘9 79 9 110 121 150 164 240 241 221 194 227 223 240 217 213 190 192 174 165 118 91 87 75 65
10 | 35 86 120 143 159 277 286 299 261 254 262 247 208 180 160 ,139 129 116 111 97 76 80 66 60 61
1w | M  1'24 161233 239 320 290 245 206 170 144 146 145 143 131 - - - - 75 62 48 54 60 58
10| )3 160 209 263226 211 146 123 120 - - - - - - 53 50 45 56 57
140 | »» 192 313 214 183 125 102 84 8 T 69 - - - - - - - 45 40 51 57
150 | 10 194 433 255 141 91 13 72 75 59 5 59 63 61 67 - - - - - 48 42 48 51
60 | 09 2U5 718 197 121 75 60 56 53 57 47 51 51 55 59 68 66 57 50 45 46 39 43 39 46
170 | 08 226 573 176 102 65 63 56 44 46 46 45 52 55 53 49 50 44 40 36 36 33 44 40 50
180 | 14 269 459 173 91 61 52 52 44 46 44 46 41 42 36 41 39 29 32 30 30 36 33 40 51
19| 16 264 252 163 88 61 53 47 45 43 41 40 28 36 37 35 32 32 32 25 30 26 36 43 50
200 115 286385 184 101 58 56 51 53 56 48 39 34 37 31 29 34 31 26 27 31 28 33 3946
20| 121 243 384182 115 76 56 54 49 47 45 36 36 36 35 33 37 36 30 28 33 42 33 41 45
220 126 241 331 189 136 86 73 63 54 49 50 42 42 36 -39 40 29 36 34 28 31 34 36 41 49
230 122 245 321 295 161 88 83 70 71 60 51 48 49 43 42 42 39 34 40 J1 36 35 42 43 50
240 | 114 217 35U 211 143 148 140 110 75 71 65 61 56 52 48 54 44 44 41 37 40 41425 48
250 | 104182 278 312 247 204 142 88 84 74 72 68 73 70 63 59 58 59 52 45 53 42 50 55 52
20 95 140216 321 291 248 145 180 165 98 76 65 78 84 88 8 81 71 68 63 58 56 53 62 57
270 90 125 158217 438 641 330 235 214 122 8 8 133 160 129 121114 114 97 97 8¢ 72 g3 75 41
20| 85 95 115 159 195 274 241 287 269 220 215 136 103 142 217 209 159 152 147 139 122 81 83 71 67
29| 81 91 89 100 W2 143 164 192 187 171 166 147 184 199 190 145 143 136 186 270 194 134 94 77 16
| 79 806 72 79 80 Y4 86 92 102 99 113 99 125 158 188 228 248 269 198 264 307 191 126 83 80
s 73 80 69 59 v 71 66 74 7971 84 82 8 103 116 122 135 168 188 202 214 189 130 93 79
320 7063 56 55 46 5 °'58 56 59 63 63 61 66 74 78 78 93 91 104 141 212 213 151 116 82
330 63 6249 48 41 45 49 44 47 42 52 54 60 53 57 63 66 73 82 102 144 301 171 126 89
30| 55 55 41 3 39 38 39 37 43 43 43 39 47 54 48 47 55 57 64 86 130 233 162 131 92
350 55 46 44 32 34 32 38 35 33 39 37 42 40 43 42 38 52 54 61 67 95 169 174 114 95




Table 36. Pioneer 10 background starlight in red (640 urn), given in galactic coordinates and SIO,units. From Toller(1981).

!
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0
10
20
30
40
SV
60
70
80
90

100
110
120
130
140
15¢
16¢
17C
180
190
20
2
2
23
24
25
261
M
28
291
M
MY
32
33
31
35

galactic latitude b

3 -70 60 -50 -40 -30 -24 -20 -16 -12 -8 -4 0 4 8 12 16 20 24 30 40 50 60 70 80
248 52 57 67 106 143 152 245 461 801 1306 593 442 375 310 153 125 130 96 65 52 44 56 37
8 40 62 63 78 99 153 181 233 337 563 734 537 508 444 246 148 135, 110 79 81 56 44 44 3t
15 566 53 57 73 110 133 181 230 328 404 556 342 264 182 159 150 121 95 91 69 51 47 49 33
W 40 42 59 65 94 128 152 191 244 288 395 258 165 191 226 190 148 116 866447404935
11 51 48 52 76 88 130 148 165 224 307 359 200 333 339 242 185 139 123 85 58 48 42 44 34
13 39 49 59 70 118 126 156 185 243 307 419 287 349 278 211 176 139 106 03 60 47 44 37 33
10 38 54 51 79 109 1'23 138 176 249 335 411 338 361 306 221 166 128 116 84 60 47 41 32 36
37 42 50 54 70 06 116 123 166 223 200 292 403 488 310 218 183 135 107 85 69 51 35 43 36
39 42 44 63 55 86 108 133 158 215 310 323 284 309 296 2X6 172 118 103 76 53 42 44 38 37
17 45 45 59 56 78 20 123 147 186 259 343 330 240 265 206 151 113 98 78 56 52 44 39 38
16 45 52 42 65 83 97 118 164 188 280 394 342 270 212 165 138 98 82 79 58 47 45 42 38
11 50 45 46 57 79 88 118 146 182 244 289 248 216 189 166 122 99 94 75 58 49 51 33 37
W 41 44 50 60 73 101 134 149 192 219 248 276 202 154 157 120 113 100 77 49 43 42 36 33
38 44 35 50 53 81 92 107 134 172 217 273 250 205 146 132 123 114 94 72 55 41 40 31 30
35 45 33 51 57 81 93 104 139 160 186 172 197 198 149 119 132 104 88 62 62 60 43 36 33
35 40 42 63 58 64 97 109 142 165 189 169 188 165 154 1'26 128 108 84 77 58 55 40 3533
4142 51 4764 73 83 99 88 142 135 162 200 214 181 135 109 126 93 81 57 58 37 39 34
46 41 38 53 79 75 92 99 90 114 122 170 “238 213 176 156 127 113 109 69 54 59 51 48 36
37 45 46 53 70 88 85 105 120 138 112 143 219 230 191 157 135 103 97 73 71 - 52 50 36
34 46 43 47 70 83 90 92 123 145 187 214 225 254 216 179 127 113 106 - - - 56 52 36
34 40 37 50 60 76 105 124 154 176 211 254 271 238 203 179 129 127 56 50 36
36 40 48 59 61 W1 129 147 169 163 225 234 293 254 202 169 148 - - - - 57 5 35
36 36 4149 60 81 100 130 146 158 210 259 309 283 204 176 - - 60 51 A1
35 47 39 43 58 77 96 131 156 230 276 285 296 282 220 157 - - - - 66 58 51 41
30 38 42 46 58 72 106 104 163 210 279 329 355 310 246 160 - - 66 70 68 54 36
43 36 3948 57 75 94 115 160 205 267 314 344 339 252 159 139 119 114 73 63 72 65 53 34
a8 40 4 58 58 101124 123 185 239 314 302 283 253 207 194 142 105 107 71 65 67 58 43 34
47 36 4t 59 69 86 115 143 171 210 268 331 256 248 227 190 146 108 95 77 64 52 50 45 42
37 32 48 49 70 230 113 124 149 212 329 445 427 383 261 191 162 119 105 90 61 53 50 43 34
3 41 47 50 68 88 109 141 161 256 319 464 760 516 301 210 152 124 108 83 60 48 46 47 39
41 42 44 48 69 90 123 132 152 223 312 481 493 436 319 236 154 127 116 86 64 55 42 46 3y
44 35 44 59 67 W7 123 151 208 251 348 535 584 505 324 271 204 149 117 91 T 60 46 41 35
15 41 49 9S8 75 95 124 164 207 309 420 517 479 401 304 2“6 189 156 118 94 68 63 45 38 36
43 39 47 55 78 96 127 164 231 307 448 736 530 440 359 286 231 159 126 10264 61 45 37 39
11 43 47 55 75 106 143 178 240329° 487 478 526 331 219 241 190 131 124 102 78 54 49 43 42
38 41 53 68 88 105 151 189 '260 366 575 617 460 526 382 415 283 161 145 108 68 55 43 45 4}
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Table 37. Pioneer 10 background starlight inblue (440 mu), in equatorial coordinates and S10, units. From Toller(1981)

« declination 8

¢y |w -70 60 -50 -40 -30 -24 -20 -1 -12 -8 -4 0 4 8 12 16 20 24 30 40 50 60 708
0 |3 49 41 38 36 32 28 30 25 34 34 33 36 43 39 41 41 49 51 67 93 166 234 M2 g
10 [ 61 3 33 30 29 30 26 25 26 34 32 32 33 36 36 39 44 46 58 94 145 208 121 92
20 |51 56 47 38 30 2% 30 29 35 35 35 34 M 37 38 39 43 46 49 60 88 140 192 1'21 90
30 |32 42 47 42 32 27 34 28 33 34 32 39 37 37 43 40 45 46 54 64 8 153 202 98 88
10 |37 48 39 3 31 31 33 35 34 36 36 41 43 41 40 44 47 51 52 67 113 145 167 101 82
50 | 3449 44 36 35 35 34 35 38 40 43 43 51 44 44 51 55 58 67 67 115 128 143 98 87
60 | 5859424238 4041464049 5354605958 71 64 73 8 839 136 122 9 92
70|58 108 56 49 47 46 54 52 50 62 72 69 76 83 76 73 67 72 65 66 131 108 104 102 88
80 | 73 31960 61 50 52 68 71 8 94 126 134 117 115 111 116 113 124 87 121 195 134 8491 76
0 |75 204 77 94 76 84 96 112 119 114 125 126 132 139 167 200 192 185 196 184 143 116 82 82 68
100 | 79 79 96 110 121 150 164 240 241 221 194 227 223 240 217 213 190 192 174 165 118 91 87 75 65
MU | 85 86 120 143 159 277 286 299 261 254 262 247 208 180 160 139 129 116 111 97 76 8( 66 60 61
120 | 4 124 161 233239 320 290 245 206 170 144 146 145 143 131 - - - - 75 62 48 54 60 58
130 | 93 160 209263 226 211 146 123 120 - - - - - - - - - - B3 50 45 56 57
| 9 192 313 214 183125 102 8 8 71 69 - - - - - - - - - . 45 4051 57
150 | 110 194 433 255 14191 73 T2 75 59 56 59 63 61 67 - - - - - - 48 42 48 51
160 | 109205 18 197 121 75 60 5 53 57 47 51 51 55 59 68 66 57 50 45 46 39 43 39 46
W |ws 226 573 176 102 65 63 56 44 46 46 45 52 55 53 49 50 44 40 36 36 33 44 40 50
181 | 114 269 459 173 91 61 52 52 44 46 44 46 41 42 36 41 39 29 32 30 30 36 33 40 51
loe | n6264 252 163 8 61 53 47 45 43 41 40 28 36 37 35 32 32 32 25 30 26 36 43 50
00| 115 286 385 184 101 58 56 51 53 56 48 39 34 37 31 29 34 31 26 27 31 28 33 39 46
21( | 121 243384 182 115 76 56 54 49 47 45 36 36 36 35 33 37 36 30 28 33 42 33 4145
22 126 241 331 189 136 86 73 63 84 49 50 42 42 36 39 0 9 36 34 31 34 36 41 19
20| 122 245 321295 161888 70 71 60 51 48 49 43 42 42 39 34 40 31 36 45 42 43 50
240 | 114 217 350 211 143 148 140 110 75 71 65 61 56 52 48 54 44 44 41 37 40 41 42 51 48
50| 14 182 278 312 247 204142 88 84 74 72 68 73 70 63 59 58 59 52 45 53 4250 55 52
260 | 95 140 216 321 291 248 145 180 165 98 76 65 78 84 88 8 8L 71 68 63 58 56 53 62 57
21| 9 125 158 217438 641 330 235 214 122 88 85 133 160 129 121 114 114 97 97 80 7263 76 6l
20| 85 95 115 159 195 274 241 287 269 9220 215 136 103 142 217 209 159 152 147 139 122 81 83 71 7
200 | 81 91 89 100 102 143 164 192 187 171 166 147 184 199 190 145 143 136 186 270 194 134 94 77 76
v | 70 80 72 79 8o 91 8 92 102 99 113 99 125 158 188 228 248 269 198 264 307 191 126 8380
3| 73 80 69 5J 60 71 66 74 79 73 84 82 g 103 116 122 135 168 188 202 214 189 130 93 79
32| 70 63 56 55 46 55 58 56 59 63 63 61 66 74 78 78 93 91 104 141 212 213 151 116 82
33| 63 62 49 48 41 45 49 44 47 49 52 54 60 53 57 63 66 73 gy 102 144 301 171 126 89
34| 55 55 41 393y 38 39 37 43 43 43 39 47 54 48 47 55 57 64 86 130 233 162 131 92
35| 55 46 44 32 34 32 38 35 38 39 37 42 40 43 42 38 52 54 61 67 95 169 174 114 95

(1N
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Table S8. Pioneer 10 background starlight in red (640 rlm) in equanrlaI coordmat.ea and Sloe umt.s !‘\‘om '1‘01!&(1981)
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77 71 53 52 48 50 51 52 52 57 60 68 68 7383 65 ,82: 190 103 108 133 183 175 128 117
81 90 72 62 54 58 66 64 64 74 76. 75 87 8293 95 112..122 102 104 189 '164 161 137 103
Bt 341 64 72 64 63 8 84 98 115 134 131 -i36 135 ', 135 125 146--143 130 179 .214 164 125 115 85
88 226 88 93 83 90 117 123 138 “147 155 158 174 174 220 238.-.288% '218 246 227 169 137 112 91 83
98 107 114 116 135 .176 193 248 240 248 225 253 273 280. 284 263 :.229::233 .207 210 145 119 108 77 84
02 111 141 182 218 315 331 321 297 312 205 267 .225, 206 182. .184°-165%.135 138 105- 108 93 81 73 77
110 141 176 275 308 385 327 288 249 200 166- 178 173, 167 155 - pE 105.,75 63”75 79 73
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te 205 372 294 239 175 114 116 126 09100 - - - - -l - _._._ 53 57 8065
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141 308 744 229 116 8 76 59 63 61 66 52 55 60- 68 66 :.58_..52. 52 50 60 36 51 54 52
145 340 632 230 99 78 61 61 57 58 54 56 54 54 41 47 500, 31 45 38 37 43 45 38 52
137 335 450 214 120 72 67 59 63 54 51 42 43 55 45 41 ‘41" 36" 41 3X37 35 42 50 51
145 410 565 262 115 91 77 59 53 58 51 49 44 48 40 34 39 .42 38 36 34 37 45 5058
154 351 516 256 144 95 73 68 66 .“71 58 52 47 50 49 . 44 57 44 40 40 - 40 43 43 48 59
153 337 559 284 173 102 87 81 80 77- 54" 53 58 48 53 47 42°. a1 54 38 35 44 40 54 61
156 310 538 481 249 134 110 88 97 79 77 6 71 6 54 50 52 43 46 41 55 44 49 61 69
146 262 537 357 242 200 152 137 106 101 82 83 77 77 64 64 54 54 55 53 47 51 53 6068
128 213 373 571 485 366 217 145 141 145 108 110 101 89 87 79 75 68 67 59 57 59 56 65 71
127 190 284 494 550 571 344 356 301 172 44 119 136 120. 123 119 116 90 85 89 81 66 64 78 75
115 155 205 284 626 1393 649 498 474 261 199 162 204 225 “201 ‘ 166 157 148 132 120 94 96 73 82 76
101 106 150 191 262 461 481 534 542 515 509 343 .210 254 382 341 237.’218 206 176 145 111 96 91 81
103 113 129 135 141 183 211 246 272 274 260 257 331 366 374 271 283°.250 327 387 228 168 117 90 89
102 107 93 99 112 112 117 134 144 143. 162 149 178 215 237 323 366., 407 316 421 403 245 163 102 93
93 88 78 8 77 81 89 8 89 -91 91 109 128 138 145, 174 168 .- 227 240 288 280 292 187 133 94
87 8L 72 65 64 73 70 73 ,72 -7r100° 75 85 93 .109 107 131 - .119153 192 279 286 225 136 105
75 76 56 54 60 42 66 60 56" 67--67- 63 81 78 78 103 85:-. 93 105 142 168 364 , 259 167 119
66 69 57 52 51 53 43 48 56 -64-.57 47 49 67 65 58 63:.76 76 97 171 268 241 178 122
64 66 59 43 46 56 48 49 43750°44747 6 48 55 59 61769 72 84 104 203 256 “166 119
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Fig. 71. DIRBE maps of sky brightness at 1.25, 2.2, 3.5, and 4.9pm at low Galactic latitudes (|b| < 15 deg within 30 degrees of
Galactic center, and |} < 10 deg elsewhere). Zodiacal light has been removed. North is up, and galactic longitude is increasing
from right to left. These maps are generally dominated by Galactic starlight. No extinction correction has been made. Intensities,
are provided at 16 levels on logarithmic scales ranging from 0.6 to 25 MJy/sr (1.25 pm and 2.2 um), 0.4 t0 16 MJy/sr (3.5 um),
and 0.3 t0 12.5 MJy/sr (4.9 urn). In detail these levels are: 0.63, 0.81, 1.03, 1.32, 1.69, 2.15, 2.75, 3.52, 4.50, 5.75, 7.36, 9.40,
12.02, 15.37, 19.65, and 25.12 MJy/sr at 1.25 s and 2.2 um; 0.40, 0.51, 0.65, 0.83, 1.06, 1.36, 1.74, 2.22, 2.84, 3.63, 4.64,'5.93,
7.59, 9.70, 12.40, and 15.85 MJy/sr at 3.5 pm; 0.32, 0.40, 0.52, 0.66, 0.84, 1.08, 1.38, 1.76, 2.26, 2.88, 3.69, 4.71, 6.03, 7.70,9.85,

and 12.59 MJy/sr at 4.9 pm.

with the zodiacal light removed using the DIRBE zodi- longitude meridian. FM-sky DIRBE maps at 1.25 um,
-acal light model. Since starlight is the dominant source 2.2 pwm, 3.5 um, 4.9 pm, 12 gm, 25 pm, 60 um, 100
at low latitudes over this spectral range, these maps pm, 140 um, and 240 um with the zodiacal light re-
are a good approximation to the inbred stellar light, moved, from which these approximate starlight maps have
with extinction of course decreasing as wavelength in- been selected, are available as the 'Zodi-Subtracted Mis-
creases. Corresponding maps at 12 microns and longer sion Average (ZSMA)’ COBE data product, available
are not shown, because at these wavelengths interplan- from the NSSDC through the COBE homepage website at
etary dust emission becomes the dominant contributor http: //www.gsfc.nasa. gov/astro/cobe/cobe_home. html.
to sky brightness, and artifacts from imperfect removal Model predictions for the integrated starlight, based
of the zodiacal emission become more serious, as does on the galaxy model of Bahcall and Soneira( 1980), were
the contribution from cirrus cloud emission. More elab- given for the near- and mid-infrared as function of the
orate modeling would be required to extract the stellar brightness of the individually excluded stars by Frances-
component of the sky brightness at these wavelengths. chini et al. (1991 b). Figures 73 and 74 show these results
Figure 72 shows two sets of repesentative intensity pro- for wavelengths of 1.2 pm,2.2 um,3.6 pm, and 12um.
files taken from the 1.25 um - 4.9 um approximate
“starlight” maps: the first set on a constant-latitude line

near the Galactic plane and the second along the zero-
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Fig. 71. DIRBE maps of sky brightness at 1.25, 2.2, 3.5, and 4.9pm at low Galactic latitudes (jb] < 15 deg within 30 degrees of
Galactic center, and [b] < 10 deg elsewhere). Zodiacal light has been removed. North is up, and galactic longitude is increasing
from right to left. These maps are generally dominated by Galactic starlight. No extinction correction has been made. Intensities
are provided at 16 levels on logarithmic scales ranging from 0.6 to 25 MJy/sr (1.25 pm and 2.2 pm), 0.4 to 16 MJy/sr (3.5 urn),
and 0.3 to 12.5 MJy/sr (4.9 urn). In detail these levels arer 0.63, 0.81, 1.03, 1.32, 1.69, 2.15, 2.75, 3.52, 4.50, 5.75, 7.36, 9.40,
12.02, 15.37, 19.65,and 25.12 MJy/sr at 1.25 4 and 2.2 pm; 0.40, 0.51, 0.65, 0.83, 1.06, 1.36, 1.74, 2.22, 2.84, 3.63, 4.64, 5.93,
7.59, 9.70, 12.40, and 15.85 MJy/sr a 3.5 um; 0.32, 0.40, 0.52, 0.66, 0.84, 1.08, 1.38, 1.76, 2.26, 2.88, 3.69, 4.71, 6.03, 7.70, 9.85,

and 12.59 MJy/sr a 4.9 pm.

with the zodiacal light removed using the DIRBE zodi-
acal light model. Since starlight is the dominant source
at low latitudes over this spectral range, these maps
are a good approximation to the infrared stellar light,
with extinction of course decreasing as wavelength in-
creases. Corresponding maps at 12 microns and longer
are not shown, because at these wavelengths interplan-
etary dust emission becomes the dominant contributor
to sky brightness, and artifacts from imperfect removal
of the zodiacal emission become more serious, as does
the contribution from cirrus cloud emission. More elab-
orate modeling would be required to extract the stellar
component of the sky brightness at these wavelengths.
Figure 72 shows two sets of repesentative intensity pro-
files taken from the 1.25 gm - 49 um approximate
“starlight” maps: the first set on a constant-latitude line
near the Galactic plane and the second along the zero-

longitude meridian. Full-sky DIRBE maps a 1.25 ‘um,
2.2 pm, 35 pm, 49 pum, 12 um, 25 pum, 60 pm, 100
pm, 140 pm, and 240 pm with the zodiacal light re-
moved, from which these approximate starlight maps have
been selected, are available as the 'Zodi-Subtracted Mis-
sion Average (ZSMA)’' COBE data product, available
from the NSSDC through the COBE homepage website at
http: //www.gsfc.nasa. gov/astro/cobe/cobe_ home. html.
Model predictions for the integrated starlight, based
on the galaxy model of Bahcall and Soneira(1980), were
given for the near- and mid-infrared as function of the
brightness of the individually excluded stars by Frances-
chini et al. (1991 b). Figures 73 and 74 show these results
for wavelengths of 1.2 pm,2.2 um, 3.6 um, and 12um.



Min

Max

Fig. 70. DIRBE map of sky brightness at 2.2 microns in galactic coordinates, with zodiacal light removed. North is up, the
galactic center in the middle, and galctic longitude increasing from right to left. This map is dominated by galactic starlight.”
No extinction correction has been made. Intensities are provided at 16 levels on a logarithmic scale ranging from 0.04 to 32
MJy/sr. In detail these levels are: 0.040, 0.062, 0.097, 0.15, 0.24, 0.37, 0.57, 0.90, 1.40, 2.19, 3.41, 5.33, 8.32, 12.98, 20.26, and

31.62 MJy/sr.

10.5. Near- and mid-infrared

Maps of the starlight distribution in the infrared are dif-
ficult to obtain. There are currently no sensitive, all-sky,
surveys of stars in the infrared, though the ground-based
2MASS and DENIS programs will provide that in the
next several years. Extracting starlight maps from diffuse
sky brightness measurements is challenging because of the
need to separate the various contributions to the measured
light. The COBE/DIRBE team has developed a detailed
zodiacal light model which allows such a separation, at
least in the near-infrared.

An all-sky image dominated by the stellar light of
the Galaxy is presented in Figure 70. The map was pre-
pared by averaging 10 months of DIRBE data at 2.2
pmwavelength after remova of the time-dependent signal
from solar-system dust via a zodiacal light model. The re-
maining sky brightness at this wavelength is dominated by
the cumulative light from K and M giants (Arendt et d.
1994), though individual bright sources can be detected at
a level of about15 Jy above the local background in un-
confused regions. Although this map also contains small

contributions from starlight scattered by interstellar dust
(cirrus) and any extragalactic emission, these contribu-
tions are much smaller than that from stars. No extinc-
tion correction has been applied to the map in Figure 70;
Arendt et al. (1994) found 2.2 um optica depths greater
than 1 within =3° of the Galactic plane for directions to-
ward the inner Galaxy and bulge (—|—< 700). Arendt et
a. used the multi-wavelength DIRBE maps to construct
an extinction-corrected map over the central part of the
Milky Way.

The typical appearance of the galactic stellar emission
in the infrared the Milky Way is apparent in Fig. 70: be-
cause the interstellar extinction is much reduced in the in-
frared, this internal view of our Galaxy looks like a galaxy
seen edge-on from the outside. Bulge and disk are clearly
visible and separated. This appearance shows at all near-
infrared wavelengths (see Fig. 71).

To look at the starlight distribution over a broader
spectral range it is useful to Concentrate on the low
Galactic-latitude region. Figure 71 presents DIRBE maps
of this region at 1.25 um, 2.2 pm, 3.5 pzm and 4.9 urn, each
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Fig. 72. Intensity profiles of "Galactic starlight” as measured from the DIRBE maps at 1.25 u, 2.2pm, 3.5 ym and 4.9pm
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Fig. 74. Residual contributions to the 12 um background ra-
diation of stare fainter than a given flux limit, for galactic lat-
itudes of 20°, 50°, and 90° (from top to bottom, respectively).
The values at the galactic pole at the intersection with the or-
dinate axis (cutoff flux = 0 Jy) correspond to 0.002 MJy/sr,
which is much less than the contribution due to diffuse emission
from the interstellar medium.



11. Diffuse galactic light
11.1. Overview

Historically, the term Diffuse Galactic Light (DGL) de-
notes the diffuse component of the galactic background
radiation which is produced by scattering of stellar pho-
tons by dust grainsin interstellar space (Elvey and Roach
1937; Roach and Gordon 1973). This scattering process is
the dominant contributor to the genera interstellar ex-
tinction of starlight; thus, the DGL is most intense in
directions where the dust “column density and the inte-
grated stellar emissivity are both high. This is generally
the case at the lowest galactic latitudes, in all spectral
regions extending from the far-ultraviolet into the near-
infrared. Typically, the DGL contributes between 20% to
30% of the total integrated light from the Milky Way.
However, for the purpose of this reference we are aso
interested in other sources of diffuse galactic background
radiation, and they will be” mentioned in the followmg

where appropri aIe

Visual v,

11.2.

No comprehensive map of the DGL for the entire sky or
even a significant fraction of the sky exists at this time.
Groundbased observations in the visual face” the difficult
requirement that airglow, zodiacal light, and integrated
starlight all need to be known to very high precision
(*Mo(V)) if the DGL is to be derived by subtraction
of the above components from the total sky brightness.
In addition, the problems of atmospheric extinction and
atmospheric scat tering (Staude 1975) need to be solved.

Observations of the DGL at visual wavelengths carried
out with rocket- or satellite-borne photometers still have
the same major sources of uncertainty, i.e. the integrated
starlight and the zodiacal light, remain principal contrib-
utors to the measured intensity.

The best prospect for a comprehensive measurement of,
the DGL in the visual was offered by the Pioneer 10 probe’
(see the more detailed description in section 10.4), which
carried out an all-sky photometric mapping in two wave-
bands centered near 440 nm and 640 nm from beyond the
asteroid belt (R > 3 AU), where the contributions from
zodiacal light are negligible (Hanner et a. 1974). The in-
stantaneous field of view of the Pioneer 10 photometer
was 2.28° square, which due to spacecraft spin (12.5 sec
period) and finite integration time (0.2 see) was drawn into
elongated effective fields-of-view of variable size depending
on the look angle. Contributions due to unresolved stars
begin to enter the Pioneer 10 data &t m 2 6.5 for an av-
erage galactic latitude; thus, stars dominate the measured
fluxes.

Toiler (1981) derived DGL intensities from the Pioneer
10 blue data (440 nm) by subtracting integrated starlight
intensities of Roach & Megill (1961) and Sharov & Lipaeva
( 1973) at the positions of 194 Selected Areas (Blaauw &
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Elvius 1965). The residuals, interpreted as the sum of DGL
and extragalactic background light, are most representa-
tive in terms of sky coverage.
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Fig. 75. The average intensity of the DGL as a function of’
galactic latitude based on’ the analysis by Toiler (1981) of Pi-'.
oneer 10 photometry of 194 Selected Areas ‘at Aes = 440 nm.’
Error bars denoting one standard deviation of the means are a

measure of the longitudinal variation of the DGL intensity., -,

For reference purposes, severa directions may be taken
to estimate the intensity of the DGL at A =& 440 nm:

In Fig. 75 we present, the mean galactic latitude de-
pendence of Toiler's (1981) values of “the sum of DGL and
extragalact ic background, averaged over &Uga.lactlc longx-‘.f
tudes. The error bars, representing one standard deviation .’
of the mean, reflect in part the real variations of the DGL
intensity with galactic longitude, especialy at lower latn-
tudes.

A second avenue toward a DGL estimate can be,
found in ratios of DGL to total line-of-sight starlight
(LOS) intensities. In Table 39 we list the average ratios
of DGL/LOS. for Aa 440 nm based on Toiler's data.
The use of the values in Table 39 may be advisable, if
one wants to estimate the variation of DGL with galac-
tic longitude, where large differences in LOS. may occur.
Due to the strongly forward scattering nature of interstel-
lar grains the DGL intensity generally tracks the LOS.
intentsity at constant latitude.

A third approach toward a DGL estimate might rely
on the mean correlation between DGL intensities found in
Selected Areas by Toiler (1981) and corresponding column
densities of atomic hydrogen. Toiler finds:

DGL(S10(V)@) =Nui / (2.4x10”[atoms cm-2]).

A good source for NHt values is the Bell Lab HI survey
by Stark et a. (1992). This approach is based on the fact

(31)



Table 39. Ratio of DGL to line-of-sight starlight

b [°] N [SA] (DGL/LOS.)
0-151 19 0.21* 0.05
151-1101 11 0.34 4 0.07
(10 - J15) 28 0.3140.03
1151-1201 15 0.19 * 0.04
1201-1301 29 0.25+ 0.04
1301-1401 22 0.17 4 0.04
|40] -1601 41 0.17 * 0.02
1601-1901 29 0.12 +0.02

that the dust and HI column densities are well-correlated
(Bohlin et al. 1978) and that the DGL intensity is de-
termined in part by the dust column density, as long as
the line-of-sight is not optically thick. This third approach
is therefore recommended mostly for higher galactic lati-
tudes, or N, < 2x10%' atoms cm-?." Estimates based on
eqn. 31 rue at best good to within a factor of two, because
eqn. 31 reflects only the dependence of the DGL intensity
on the dust column density and ignores the dependence
on the intensity of the illuminating radiation field. -~

The red band (A = 640 run) data from Pioneer 10
have not been subjected to a DGL analysis so far for lack
of suitable star count data.

The U-B and B-V colours of the DGL have been mea
sured and have been found to be bluer than the colour
of the integrated starlight, as expected from scattering by
interstellar grains with scattering cross sections varying
as A7 in the visible region (Witt 1968, Mattila 1970).
Table 40, to give an example, ‘contains UBV colours of
the DGL and of the integrated starlight in Cygnus (upper
panel), respectively in Crux (lower panel).

Table 40. Colour of the DGL

DGL Integrated Starlight Reference
1,]b] U-B B-V U-B B-V
70°0° -0.05 +0.57 +0.07 +0.73 Witt
75°250 -0.10 +0.44 +0.00 +0.68 (1968)
300°,0° -0.10 +0.50 -0.01 +0.71 Mattila
(1970)

Recently, Gordon (1997) reported the detection of ex-
tended red emission (ERE) on a galaxy-wide scale in
the diffuse interstellar medium of the Milky Way Galaxy
(see also Gordon, Witt, & Friedmann 1997; Gordon &
Witt 1997). The ERE consists of a broad emission band
(FWHM 8004) with a peak wavelength found in the

' ' ' ’

65004 to 80004 range, depending on environment, with
a long-wavelength tail extending well into the I-band.
The ERE is believed to result from a photolumines-
cence process in hydrogenated carbonaceous grain man-
tles, and it has been previously detected photometri-
caly and spectroscopically in numerous reflection nebulae
(Witt & Schild 1988; Witt & Boroson 1990), in carbon-
rich planetary nebulae (Furton & Witt 1990,1992), in HII
regions (Perrin & Sivan 1992, Sivan & Perrin 1993), and in
the scattered light halo of the starburst galaxy M82 (Per-
rin et al. 1995). Gordon (1997) derived the galactic ERE
intensity from Pioneer 10 and 11 sky photometry obtained
at heliocentric distances greater than 3.3 AU, where the
contribution from zodiacal light is no longer detectable
(see Sect. 10.4). The integrated star light due to stars of m
>6.5 was determined by integrating recent starcount data
from the APS Catalog (Pennington et al. 1993), the HST
Guide Star Catalog, and photometric catalogs on brighter
stars and was subtracted from the Pioneer 10 and 11,@"
both the blue and red bands. The diffuse residuals consist .
of DGL in the blue band, and of a sum of DGL and ERE
in the red band. As a result, the B - R colour of the diffuse
galactic background radiation is substantially redder than
that of the DGL aone. The excess ERE in the R - band-
can be estimated to be about equal in intensity to the “R. .
- band DGL. This ERE intensity is consistent with the ,
measured B-R and B-l colour excesses of individual galac-,
tic cirrus filaments (Guhathakurta & Tyson 1989), found
to be 0.5 -.1.0 msg. and 1.5 -2.0 msg. redder, respectively, -
than expected for scattered disk starlight.

Quantitatively, Gordon (1997) finds the galactic ERE
and the atomic hydrogen column density at intermediate
and high latitudes (|b] > 20") to be well-correlated, yield-
ing an average ERE intensity of (1.43+0.31 )x10-2? erg.”
s™1 4=1sr~! |-l-atom-l. This correlation may therefore
be used to estimate the expected ERE intensity in the R
- band in different portions of the sky.

Partial linear polarization of the DGL at a level of
1-2% is expected, and some tentative detections of this
polarization have been reported by Schmidt & Leinert
(1966), Weinberg (1969), Sparrow & Ney (1972), and Ban-
dermann & Wolstencroft (1976). Both the scattering by
grains partially aligned with their short axes parallel to
the galactic plane and the scattering of the non-isotropic
galactic radiation field by dust in the galactic plane should
produce partially polarized scattered light with the elec-
tric vector perpendicular to the galactic plane when ob-
served near b = 0°. A review of existing polarization mea
surements is given by Leinert (1990).

11.3. Near-Infrared

The diffuse galactic background radiation in the near-
infrared (near-IR) is composed of several components,
each produced by different constituents of the diffuse inter-
stellar medium by different physical processes. The most



The observational results presented here are sum-
marised for each wavelength range in a separate table in
the corresponding subsection, They are aso put together
in overview in Figure 77 at the end of this section, where
in the visual and near-infrared region some model pre-
dictions are added for comparison with the data, which
stretch over a wide range of brightnesses at these wave-
lengths. Otherwise, model prediction of EBL brightness
are not the topic of this reference. For this matter see,
e.g., the conference proceedings by Bowyer and Leinert
(1990) and Rocca-Volmerange et al. (1991) or the work of
Franceschini et al. (1991 b).

12.1. Ultraviolet

An extragalactic component is certainly present in the
UV/FUV since the summed flux of galaxies is present
at some level. Early in the Space Age it was realized
“that searches in the FUV had substantial advantages’ over
searches in the UV, because the zodiacal light component
iS not present at a measurable level and contributions from
stellar sources were expected to be small. In particular, it
was hoped that emission from a very hot (10°K) or hot
(10°K) intergalactic medium might be detected. These
measurements were far more difficult to carry out than
was originaly anticipated, and a wide range of conflicting
results were reported.

At this point, the most cited argument that some of
the Far UV diffuse background is extragalactic in origin
is that most measurements of this flux show a correlation
with galactic neutral hydrogen column density, and the
extrapolation to zero hydrogen columns yields fluxes that
are in the range of 50 to 300 photon units. These results
are only upper limits to an extragalactic background, how-
ever, since there is no guarantee that galactic components
are not producing this flux.

While the total picture is far from clear, some as-
pects of a possible extragalactic flux have been estab-
lished. Quasar absorption line studies definitely constrain’
emission from a diffuse intergalactic medium to a mar-
gina role (Jakobsen 1991). Paresce and Jacobsen (1980)
had shown before that integrated light from QSOS and
AGNs will not produce a significant contribution to the
diffuse FUV background. However, Armand et al. (1994)
have used data on galaxy counts, obtained at 20004 with
a limiting magnitude of 18.5, to calculate the ultraviolet
flux due to the integrated FUV light of al galaxies. The
extrapolation is small and leads to an expected flux of 40
to 130 photon cm’s~!sr~ 1A-1. Hence it seems certain
that there is at least some extragalactic flux present in
the diffuse FUV background. It is interesting to note that
the flux predicted by Armand et al. is consistent with the
(uncertain and controversial) observational results for a
possible extragalactic diffuse FUV background.
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Table 43. Possible Components of a Diffuse Extragalactic Far
Ultraviolet Background with their Estimated Intensities’

Summed from al galaxies 40 to 200

QSOs/AGNs <lo
Intergalactic medium <lo
observed upper limit 50 to 300

°Intensities are given in units of photons cm-o0 S1 sr™! A-l.

12.2. Visual

A selection of upper limits from photometric measure-

merits as well as lower limits obtained from galaxy counts

are summarised in Table 44. In the table, the author(s)

and date of publication are given in column (1). The wave-

length of observation and the Zesr value (or its upper

limit) as given in the original publication are listed in

columns (2) and (3). In column (4) we give our critical re-

vision (upper limit) of each {EBLvalue; in deriving these
revised values we, have tried to consider the effects ‘of

some additional uncertainties or corrections which” in our

opinion were not sufficiently discussed in the original pa-
per. In column (5) we give Al = vI, for the revised EBL

values. The last column (6) gives the method used.

12.2.1. Photometric upper limits

Three surface photometric measurements are included in
Table 44:

(1) Dube, With and Wilkinson (1979) observed the
total night sky brightness from the ground in eleven high-

latitude fields. As a mean, value of the 11 fields Dube et”
al. gave an EBL+DGL vaue of 1.0+1.2 Sj0. Because it
was hot possible to estimate the DGL contribution the
result was interpreted as a 2o upper limit to the EBL of
3.4 Syo or 5.110-9 ergs cm~2 s~} sterad™! A=1. A basic
problem with this method is that it starts with the total
night-sky brightness which is a factor of =~ 100 brighter
than the EBL. Thus, very accurate measurements of the
absolute intensities of ZL and airglow are required. The
most critical point in the data analysis of Dube et al. was
the way they corrected for the airglow. They assumed that
airglow is a linear function of sec z and used linear extrap-
olation to sec z = O to eliminate airglow. This method is
doubtful since the sec z - dependence of the airglow is not
strictly linear but follows the so-caled van Rhijn’s (1921)
law. Mattila, Leinert and Schnur (1991) have reanalyses
the airglow problem using, as far as possible, the obser-
vational values given in Dube et a. (1979) and in Dube
(1976). They have thus found that Dube et al. probably
have overestimated the airglow intensity by = 3 S,. Thus
the residuaf value for EBL + DGL should be increased by
this amount, resulting in IgsrL+pGL=4.0 £ 1.2 Sye Or an
1o upper limit of 5.2 Sio-



important ones are the DGL, caused by scattering of star
light on larger interstellar grains; the near-IR continuum
emission, caused by a non-equilibrium emission process
probably associated with small carbonaceous grains; and
the set of so-called unidentified infrared bands which have
been attributed to emission from interstellar ‘aromatic hy-
drocarbon molecules, such as polycyclic aromatic hydro-
carbons (PA H). We will refer to them as aromatic hydro-
carbon bands,

No separate detection of the DGL at near-IR wave-
lengths has been accomplished so far, athough the galac-
tic component of the near-IR background at 1.25 um and
2.2 um observed by the DIRBE experiment (Silverberg
et a. 1993; Hauser 1996) undoubtedly contains a scat-
tered light contribution. Recent evidence (Witt et al. 1994,
Lehtinen & Mattila 1996) provides a strong indication that
the dust albedo remains as high as it is in the visible
out through the K-band (2.2 pm). The K-optical depth
is about 10% of that at V; hence, only at quite low galac-
tic latitudes (|b] < 5°) can one find, the reqiired dust
column densities which will give rise to Substa.ntnal (scat-
tered) DGL. At the galactic equator, however, the ratio Of
DGL/LOS, should be similar to the values listed in Ta
ble 39. At higher galactic latitudes, the ratio DGL/LOS.
will be substantially lower than the, values listed in Ta
ble 39.

The near-IR continuum emission was first recognized
in reflection nebulae whose surface brightnesses in the 1
pm - 10pm wavelength range exceeded that expected from
scattering by factors of several (Sellgren, Werner, & Din-
erstein 1983; Sellgren 1984). Absence of polarization pro-
vided additional confirmation of the non-scattering ori-
gin of this radiation. The non-equilibrium nature of the
radiation process was recognized from the fact’ that the
colour temperature of the emerging radiation was indepen-
dent of distance from the ‘exciting star and thus indepen-
dent of the density of the exciting radiation. This leaves
as the cause of this radiation non-equilibrium processes
which depend upon excitation by single photons, e.g. pho-
toluminescence of grain mantles or, alternatively, non-
equilibrium heating of tiny grains resulting in large tem-
perature fluctuations. The galactic distribution of this
radiation component has yet to be studied; it depends
on a very accurate assessment of the near-IR integrated
starlight (see Sect. 10.5) and the near-IR zodiacal light
(see Sect. 8.5), which need to be subtracted from pho-
tometries of the near-IR sky background.

The aromatic hydrocarbon bands centered at wave-
lengths 3.3 pum, 6.2 pm, 7.7 pum, 8.6 um, and 11.3 pm,
with widths in the range of 0.03 to 0.5 um, were first ob-
served in bright nebulous regions by Gillett, Forrest, and
Merrill{ 1973). Thanks to the successful AROME balloon-
borne experiment (Giard et al. 1988) and the more recent
missions of the Infrared Telescope in Space (IRTS, On-
aka et al. 1996) and the Infrared Space Observatory (1S0,
Mattila et a. 1996, Lemke et a. 1997), they have now been

88

observed in the diffuse interstellar medium at low galactic
latitudes. The relative bandstrengths and widths are very
similar to those observed in reflection nebulae, planetary
nebulae, and HIl regions, pointing toward a common emis-
sion mechanism. Onaka €t al. (1996) show that the band
intensities at 3.3 pm and 7.7 ym and the far-IR back-
ground intensities at 100pm along identical lines of sight
are correlated very tightly, suggesting that the respec-
tive emitters, presumably PAH molecules in the case of
the aromatic hydrocarbon bands and classical sub-micron |,
grains for the 100-pm therma continuum, are* well-mixed
spatially and are excited by the same interstellar radia-
tion field. The correlation of the band intensities with the
atomic hydrogen column density is also excellent, reflected
in the dust emission spectrum per hydrogen atom given
in Table 41.

11.4. Thermal infrared

The infrared emission from the diffuse galactic ISM 1s
dominated by thermal and other emissions by dust, with -
some additional contributions from interstellar cooling
lines, mainly from CII and NIL At wavelengths < 100
pm the galactic diffuse emission is weaker than the in:
frared emission from the zodiacal dust cloud (see Fig. 1);
a wavelengths > 400 pm” the cosmic background radia-
tion dominates over the galactic thermal radiation. Only
in the 100-400 um band is the galactic emission” the pri-
mary background component. However, as the composite -
spectrum of all night sky components in Fig. 1 schemati-
caly indicates, the thermal IR spectrum of galactic dust is’
complex in structure , suggesting significant contributions
from grains covering a wide range of temperatures. In par-"
titular, there is substantial excess emission in the 5 to 50 -
pm spectral range. This excess is generally attributed to
stochastically heated very small grains with mean tem-
peratures in the range 100- 500K (Draine and Anderson
1985; Weiland et al. 1986), while the main thermal emis-
sion pesk near 150 pm is attributed to classical-sized dust
grains in equilibrium with the galactic interstellar radia-
tion field, resulting in temperatures around 20K.

The exploration of the infrared background has been
greatly advanced by the highly successful missions of
the Infrared Astronomical Satellite (IRAS; Neugebauer
et a. 1984), the Diffuse Infrared Background Experiment
(DIRBE; Boggess et al. 1992) and the Far-Infrared Ab-
solute Spectrophotometer (FIRAS; Fixsen et al. 1994)
on board of the COBE satellite, the Infrared Telescope
in Space (IRTS; Murakami et al. 1994,1996), and the
AROME balloon-borne experiment (Giard et al. 1988).

Interstellar dust appears to be well-mixed with all
phases of the interstellar gas (Sodroski et al. 1997); how-
ever, to obtain a first-order representation of the emissions
from galactic dust, the well-established correlations with
N(HI) provide the best guide, The average dust emission
spectrum per H-atom is given in Table 41., as derived from



The observational results presented here are sum-
marised for each wavelength range in a separate table in
the corresponding subsection, They are also put together
in overview in Figure 77 at the end of this section, where
in the visual and near-infrared region some model pre-
dictions are added for comparison with the data, which
stretch over a wide range of brightnesses at these wave-
lengths. Otherwise, model prediction of EBL brightness
are not the topic of this reference. For this matter see,
e.g., the conference proceedings by Bowyer and Leinert
(1990) and Rocca-Volmerange et a. (1991) or the work of
Franceschini et al. (1991 b).

12.1, Ultraviolet

An extragalactic component is certainly present in the
UV/FUV since the summed flux of galaxies is ‘present
at some level. Early in the Space Age it was realized
that searches in the FUV had substantial advantages over
searches in the UV, because the zodiacal light component
is not present at a measurable level and contributions from
stellar sources were expected to be smal. In particular, it
was hoped that emission from a very hot (10°K) or hot
(10°K) intergalactic medium might be detected. These
measurements were far more difficult to carry out than
was originaly anticipated, and a wide range of conflicting
results were reported.

At this “point, the most cited argument that some of
the Far UV diffuse background is extragalactic in origin
is that most measurements Of this flux show a correlation
with galactic neutral hydrogen column density, and the
extrapolation to zero hydrogen columns yields fluxes that
are in the range of 50 to 300 photon units. These results
are only upper limits to an extragalact ic background, how-
ever, since there is no guarantee that galactic components
are not producing this flux.

While the total picture is far from clear, some as-
pects of a possible extragalactic flux have been estab-
lished. Quasar absorption line studies definitely constrain
emission from a diffuse intergalactic medium to a mar-
ginal role (Jakobsen 1991). Paresce and Jacobsen (1980)
had shown before that integrated light from QSOS and
AGNSs will not produce a significant contribution to the
diffuse FUV background, However, Armand et al. (1994)
have used data on galaxy counts obtained at 2000 A with
a limiting magnitude of 18.5, to calculate the ultraviolet
flux due to the integrated FUV light of all galaxies. The
extrapolation is small and leads to an expected flux of 40
to 130 photon cm®s~!'sr*A-!. Hence it seems certain
that there is at least some extragalactic flux present in
the difftuse FUV background. It is interesting to note that
the flux predicted by Armand et al. is consistent with the
(uncertain and controversial) observational results for a
possible extragalactic diffuse FUV background.
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Table 43. Possible Components of a Diffuse Extragalactic Far
Ultraviolet Background with their Estimated Intensities®

Summed from all galaxies 40 to 200

QSO0s/AGNs <lo
Intergalactic medium <lo
observed upper limit 50to 300

® Intensities are given in units of photons cm®s~!sc~! A-l. ,

12.2. Visual

A selection of upper limits from photometric measure-
ments as well as lower limits obtained from galaxy counts
are summarised in Table 44. In the table, the author(s)
and date of publication are given in column (1). The wave-
length of observation and the Igpr vaue (or its upper
l[imit) as given in the original publication are listed in
columns (2) and (3). In. column (4) we give our critical re-
vision (upper limit) of each Igpy value; in deriving these
‘revised values we have tried to consider the effects of
some additional uncertainties or corrections which in our
opinion were not sufficiently discussed in the origina pa-:
per. In column (5) we give Alx=v1, for the revised EBL
values. The last column (6) gives the method used.

12.2.1. Photometric upper limits .

Three surface photometric measurements are included in”
Table 44:

(1) Dube, Wickes and Wilkinson (1979) observed the.-:
total night sky brightness from the ground in eleven high-
latitude fields. As a mean value of the 11 fields Dube et
a. gave an EBL+DGL vaue of 1.0£1.2 S;0. Because it
was not possible to estimate the DGL contribution the ,
result was interpreted as a 2o upper Iimit1 0 the EBL of
3.4 S10 or 5.110-9 ergs cm~2s~1sterad™t A~1. A basic
problem with this method is that it starts with the total
night-sky brightness which is a factor of & 100 brighter
than the EBL. Thus, very accurate measurements of the
absolute intensities of ZL and airglow are required. The
most critical point in the data analysis of Dube et al. was
the way they corrected for the airglow. They assumed that
airglow is alinear function of sec z and used linear extrap-
olation to sec z = O to eiminate airglow. This method is
doubtful since the sec z - dependence of the airglow is not
strictly linear but follows the so-called van Rhijn’s (1921)
law. Mattila, Leinert and Schnur (1991) have reanayses
the airglow problem using, as far as possible, the obser-
vational values given in Dube et al. (1979) and in Dube
(1976). They have thus found that Dube et a. probably
have overestimated the airglow intensity by = 3 Sy9. Thus
the residual value for EBL + DGL should be increased by
this amount, resulting in Iege+pcr = 4.0+ 1.2 Sy Or an
lo upper limit of 5.2 Sto-
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Fig. 76. Summniary data on the' diffuse cosmic far ultraviolet background. The data from 902 to 1200 A are from Holberg (1986)
,and are upper limits to the flux from a high, Galactic latitude “view direction. Two data sets aré shown for the 1400 to, 1850
A band. ‘The upper line is from Hurwitz, Bowyer and Martin (1991) and shows typical data obtained in view directions thh
Tdust > 1. The lower line is from Martin and Bowyer ‘(1990) and shows data obtained at a high Galactic latitude; the CTV 1550

A lineis clearly evident in emission and the 1663 A line of 0111] is also apparent, though at lower signal-t-noise ratio. ’I‘he
extragalactic contribution to these data probably is small (see table 42). - e

evident as an additional component “at wavelengths from
1550 to 1650 Angstrom., The lower line -is from Martin
and Bowyer (1990) and “shows data obtained at a high
galactic latitude and a low-total galactic neutral hydrogen
column. The CIV 1550 Angstrom line is clearly evident in
emission, and the 1663 Angstrom. line of forbidden O 111
is also apparent though at a lower signal-to-noise.

As already, mentioned, ‘the major components of the
cosmic far ultraviolet background are summarlzed in Ta
ble 42 above.

11.5.2. Near-ultraviolet (180 am -300 nm) *

The diffuse radiation in this band is the sum of zodiaca
light and starlight scattered by interstellar dust. A few
first studies of the zodiacal light in this band have been
carried out, which suggest this component exhibits charac-
teristics similar to that observed in the visible (see section
8.6). A few studies of scattering by dust by early type
stars have been carried out. The results obtained differ,
and independent of these differences, the scattering varies
tremendously from place to place in the galaxy. We refer
the reader to Dring et a. (1996) and references therein for
a discussion of these results.

H‘,

o '.i-
12. Extragalactic background light . ‘. .
For the extragalactic background radiation no gebrbier'élly';-'-_
accepted measured values exist in the UV, optical or
infrared wavebands. However, upper limits from surface

photometry and lower limits from galaxy counts are avail-
able. We present a critical evaluation and tabulation of

the avalable results. 7

Extragalactic background light (EBL)in UV, optical
and near-IR (A S 5pm) is thought to consist mainly of
redshifted starlight from unresolved galames, more hypo—
thetical contributions would” be, e.g., from stars or gas
in the intergalactic space, and from decaying elementary
particles (e.g. neutrinos). In the mid- and far-infrared the .
main contribution is thought to be redshifted emission
from dust particles, heated by starlight in galaxies .

Observations of the EBL are hampered by the much
stronger foreground components of the night sky bright-
ness described in the other sections. Unlike the other
components the EBL is isotropic which, in combination
with its weakness, complicates its separation. Recent re-
views of the observational and” theoretical status of the
EBL have been given by Mattila (1990), Tyson(1990,
1995), Mattila, Leinert and Schnur(1991) for the opti-
cal; by Bowyer(1991), Henry (1991), Henry and Murthy
(1995) and Jakobsen(1995) for the ultraviolet; by Mat-
sumoto( 1990), Franceschini, Mazzei and De Zotti (1991),
Hauser(1995a,1995b, 1996) and Lonsdale(1995) for the in-
frared; Longair( 1995) has given a general review covering
all wavelengths.



Table 44, Observational upper and lower limits to the EBL intensity as determined from surface photometry or galaxy counts

Author(s) A lest Ieat Al (revised) Method
(A) revised, 1o limits erg s~'cm™2sr™!
Dube, Wickes and 5115 1.0* 1.2 S 40* 1.2 Sio photometry
Wilkinson (1979) £345S1w0 £52 S5 £4010-
Toiler (1983) 4400 13 * 1.3 S10p 2.2+ 4.8 SI10O, photometry
< 3.9 S10g £7.0510Q £3710°8
Mattila and Schnur 4000 6.5 £ 2.5 cgs® £9.0Cgs £3610° photometry
(1990) ,
Cowieetal. (1994)  3400(U’) 1.310-6 galaxy counts
4470 (B) 1.810-0 (K £ 227
5425 (V) 3.110-*
8340 (1) 4.710-6
22000 (K) 5.210°%
Tyson (1995) 3600 (V) 2.5(+.07 -.04) 10~° galaxy counts
4500 (B) 2.9(+.09 -.05) 10~ (B;<29™/0")
6500 (R) 2.9(+.09 -.05) 10~*
9000 (1) 2.6(+.3 -2 ) 107°
22000 (K) 7.2(+1 -1)10"¢
Morgan and Driver 4500 (B) 1.910-6 galaxy counts
(1995) 5500 (V) 1.310-6 (B £267)
6500 (R) : 3.210-6
9000 (1) = 3.510-6
‘4500(B) 4.710-6 ° galaxy counts
5500 (V) 6.410-6 (mFiteer $38™)
6500 (R) 8.210-6 Co
9000 0 ‘ 10.010-6.

*cgs =10 ergs cm™?s™ ! sterad™! A-’

(2) Toiler (1983) utilized measurements of a photome-
ter aboard Pioneer 10 as it moved out of the zodiacal dust

cloud (R 2 3.3AU). From these he subtracted integrated
starlight and gave a value for the average brightness of the
diffuse background light of Ipgr+EesL = 3.3 £1.2810¢
He estimated Ipgt to be 20 £ 0.4 SIO,. As a final re-
sult Toiler thus obtained an EBL intensity of 1.3 & 1.3
SIO,which he expressed as a 2¢ upper limit of IgpL S
3 . 9 S106.

Since Toiler's EBL value has been frequently cited as
the EBL reférence value, it deserves a detailed discussion
of errors. The basic problem for his EBL determination
is the large field of view (2.3 x 2.3 deg) of the photome-
ter. Thus, the starlight entered with full weight into the
measured sky brightness, and in order to derive the smal
residual EBL one must know the ISL very accurately in
the Pioneer 10 photometric system. This was not fully the
case. The ISL values of Roach and Megill (RM, 1961) and
Sharov and Lipaeva (SL,1973) are based on the Harvard-
Groningen (Pickering et al. 1918, 1923,1924; van Rhijn
1929) and Mount Wilson starcounts (Scares et a. 1930)
the magnitudes of which were calibrated by using pho-
tographic techniques. Sharov and Polyakova( 1972) have
shown that the Harvard-Groningen photographic magni-

tude scales are in need of positive corrections of as much as
0.4 mag to 0.5 mag in order to reduce stars of 7 to 16 mag
from mp, to the B system. In their ISL summation SL
tried to take these photometric corrections into account
and thus their ISL vaues should be given the preference
over the RM values. Then an average Ipgr+esr of 4.2
SI10,, instead of 3.3 SIO,, is obtained. There is. a the re-
maining systematic error of the Sharov and Lipaeva ISL
values due to the scale errors which is at least 15 %. With
an average ISL value of 25 S10g this amounts to 3.8 S10g.
The systematic error of the Pioneer 10 photometry itself
(e.g. due to calibration) has been given as 8 % (Schuerman
et al. 1981), which for 25 SIO, corresponds to 2.0 S10g. A
further uncertainty of 1.6 SIO,results from variations in
the cutoff for bright stars. The total error resulting from
qguadratically adding the systematic and statistical errors
then is 4.8 SIO,.

Thus we end up with a revised EBL value of Iggt
= 3.2 * 4.8 SIQ,, which corresponds to 2.6 £ 5.7.10°
ergs cm’s~!sterad=*A~'or to a one o upper limit of
8.3.10°ergs cm~2s~'sterad~! A~L.

(3) Mattila and Schnur(1990), on the basis of their ob-
servations in the dark cloud area L1642, have presented a
preliminary estimate for the EBL of 6.5+ 25 10°ergs



t 1 + 4
1070k E
© -7 |
o 10 = -
[7g] L
| f ]
¥ T )
= F 1 35 ]
:—<" - -
107k e
E 7
10”107 . . . ]
0.1 1.0 -10.0 1 00.0 1000.0

A (um)

Fig. 77. Summary of present observational limits and model predictions for the EBL. The photometric upper limits by Dube
et a. (DWW), Toiler (T) and Mattila and Schnur (MS) in optical and the UV upper limit of 300 photon units at 170 nru (see
text) are shown as downward pointing arrows. The COBE/DIRBE and COBE/FIRAS dark sky (total) brightnesses between
1.25 pymand 500 gm are shown as crosses and open triangles, respectively. The ranges of isotropic residuals after foreground
subtraction are shown by vertical bars for the DIRBE 1.25 pm -240 um bands (Hauser 1996). The Mather et al. (1994) estimate
for an upper limit of possible sub-mm excess above the CMB spectrum is shown” & a dashed line between 500pm and 100,0 ugm.
The claimed tentative detection of CIBR by Puget et a. (1996) is shown as a solid line between 400pm and 1000 gm. Solid lines
at 10 pum -40 pm are the possible detections from Dwek & Slavin (1994); the upper line is for Ho-100 km s~*Mpc~?! “and
the lower one for 50 kms-!Mpc™!, The results from galaxy counts are are shown with different symbols: Cowie et al.: black
squares; Tyson: solid circles; Morgan and Driver: open circles (two values at each wavelength band, see Table 44 and text). In the
visual range, some model calculat ion results are shown as well for comparison: solid lines are after Y oehii and Takahara (1988)
for evolving galaxy models, labeled with qo and z#, where zs means the epoch (measured by redshift) of galaxy formation; the
dashed line is for a non-evolving galaxy model with qo = 0.02. The two dash-dotted lines are after Vaisinen (1996) for models
which include the estimated effect of low-surface-brightness and faint blue galaxy populations: the upper line is with Ferguson
and McGaugh (1995) luminosity function and with luminosity evolution (model labeled” FMB-LE in Viisinen 1996) ; the lower
line is with a luminosity function evolution in accordance with the findings of Lilly et a. (1995), i.e. extra brightening of the
blue galaxies over the passive luminosity evolution, and an excess of a non-evolving blue population of faint galaxies (model

labeled BBG in Viisanen 1996).
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Table 45. Upper limits and claims of tentative detections of the cosmic infrared background radiation

A v, Reference vl Reference Ref.
pm [ aW m™2 s | nW m~? gr-!
125 393 *13 DIRBE dark sky 50-104 DIRBE residual 1
2.2 150 *5 " 15-26 " 1
3.5 63 +3 " 15-24 " 1
4.9 192 %7 " 9-22 " 1
12 | 2660 #*310 " 102-164 " 1
25 | 2160 £330 " 136-210 " 1
60 | 261 +22 " 31-42 " 1
100 74  +10 " 20-35 " 1
140 57 &6 " 12-63 » 1
240 22 o 2 n 8-33 n 1
111 108 FIRAS dark sky 1
143 63 " 1
250 30 ” 1
500 6 ” 1
$00-5000 680/ (pm) FIRAS residual 2
400-1000 3.4 (\/400 pm)~® FIRASresidual | 3
10-40 6 h (A/pum)°%* y-ray method | _4 _
THauser 9 9 6 )

2 Mather et al. (1994)
‘Puget et al. (1996)
‘Dwek & Slavin (1994)

1 A" Ho/100 km s~ Mpc—!

Puget et al. (1996) have claimed a tentative detec- 12.4. Overview On EBL observations

tion of far-IR CIBR using COBE/FIRAS data. They

modelled and removed the foreground components above
140 pm. For estimating the interstellar cirrus emission *
they used its correlation with HI 21-cm data, and for zodi-

acal emission its spectral and spatial distribution as deter-

mined at shorter wavelengths, A’'< 100 pm. The residual

isotropic component claimed for the 400 gm - 1000 pm

range can be represented by vB, = 3.410-9 (A/400pm)~3

W m~2sr7t,

An indirect method for measurement of the mid-IR
CIBR is based on the spectra of 4-ray sources, since <y-
rays interact with intergalactic IR-photons by pair pro-
duction, giving rise to energy-dependent extinction. A
recent application gives, for A&x10 — 40um, the re-
sult vB, =~ 6 h10~°(\/um)®3* W m—25-1 (Dwek &
Slavin 1994). The result depends on the Hubble constant
h = Hp/100 km s~'Mpc~!. This estimate is by a factor
of = 10 lower that the DIRBE isotropic residuals at 10
and 25 pm, but fits nicely to the DIRBE isotropic residu-
als at shorter and longer wavelengths (see Fig. 77). Again,
there are uncertainties in this method, since the intrinsic
high energy gamma ray spectra before attenuation by in-
teraction with the cosmic infrared radiation field are not

really known.

Fl?ﬁl’ﬁe 77 summarises the current observational limits to
the extragalactic background light in the wavelength range
from 0.1 gm to 1000 pm. In the visual and near-infrared
range, where discrepancies between different methods of
determination are particularly large, we also plot a few
selected model predictions for comparison, without the in-
tent to discuss them here. Compared to the situation ten
years ago, the gap between upper limits from direct mea
surements, lower limits from galaxy counts, and model
predictions is getting smaller, being mostly less than a
factor of ten by now. A comparison with the tots! sky
brightness values shown in Figure 1, which are typically
brighter by two orders of magnitude, is informative. In
this comparison please note that vI, and Al are identica
units of brightness.
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Fig. 77. Summary of present observationa limits and model predictions for the EBL. The photometric upper limits by Dube
et al. (DWW), Toller (T) and Mattila and Schnur (MS) in optical and the W upper limit of 300 photon units at 170 nm (see
text) are shown as downward pointing arrows. The COBE/DIRBE and COBE/FIRAS dark sky (total) brightnesses between
125 pmand 500 pm are shown as crosses and open triangles, respectively. The ranges of isotropic residuals after foreground
subtraction are shown by vertical bars for the DIRBE 1.25 pm -240 pgm bands (Hauser 1996). The Mather et al. (1994) estimate
for an upper limit of possible sub-mm excess above the ‘CMB spectrum is shown as a dashed line between 500 gm and 1000 pm.
The claimed tentative detection of CIBR by Puget et al. (1996) is shown ss a solid line between 400 gm and 1000 pm. Solid lines
a 10 pm -40 pm are the possible detections from Dwek & Slavin (1994); the upper Line is for Ho.100 km S* Mpc~'and
the lower one for 50 km s'1 Mpc™!. The results from galaxy counts are are shown with different symbols. Cowie et al.: black
squarea; Tyson: solid circles; Morgan and Driver: open circles (two values at each wavelength band, see Table 44 and text). In the
visual range, some mode! calculation results are” shown as well for comparison: solid lines are “after Yoshii and Takahara (1988).
for evolving galaxy models, labeled with Qo and zr, where zr means the epoch (measured by redshift) of galaxy formation; the
dashed line is for a non-evolving galaxy model with ge = 0.02. The two dash-dotted lines are after Vaisanen (1996) for models
which include the estimated effect of low-surface-brightness and faint blue galaxy populations: the upper line is with Ferguson
and McGaugh (1995) luminosity function and with luminosity evolution (model labeled FMB-LE in Véisanen 1996) ; the lower
line is with a luminosity function evolution in accordance with the findings of Lilly et al. (1995), i.e. extra brightening of the
blue galaxies over the passive luminosity evolution, and an excess of a non-evolving blue population of faint galaxies (model

labeled BBG in Viisanen 1996).
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